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            Abstract
Although glucose-sensing neurons were identified more than 50 years ago, the physiological role of glucose sensing in metazoans remains unclear. Here we identify a pair of glucose-sensing neurons with bifurcated axons in the brain of Drosophila. One axon branch projects to insulin-producing cells to trigger the release of Drosophila insulin-like peptide 2 (dilp2) and the other extends to adipokinetic hormone (AKH)â€“producing cells to inhibit secretion of AKH, the fly analogue of glucagon. These axonal branches undergo synaptic remodelling in response to changes in their internal energy status. Silencing of these glucose-sensing neurons largely disabled the response of insulin-producing cells to glucose and dilp2 secretion, disinhibited AKH secretion in corpora cardiaca and caused hyperglycaemia, a hallmark feature of diabetes mellitus. We propose that these glucose-sensing neurons maintain glucose homeostasis by promoting the secretion of dilp2 and suppressing the release of AKH when haemolymph glucose levels are high.
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                    Fig. 1: A pair of glucose-sensing CN neurons in the brain show a unique projection pattern.[image: ]


Fig. 2: CN neurons are activated by nutritive sugars, but not by non-nutritive sugars.[image: ]


Fig. 3: IPC activity and dilp2 secretion require an excitatory signal from CN neurons.[image: ]


Fig. 4: AKH retention in AKH-producing cells requires an inhibitory signal from CN neurons.[image: ]


Fig. 5: sNPF is the functional neurotransmitter of CN neurons.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Identification of neurons that are required for the starvation-induced nutrient selection.
a, The result of a screen ofÂ VT-Gal4 lines when bearing UAS-Kir2.1, tub-Gal80ts that failed to select d-glucose after 24 h of starvation. b, Expression patterns of 18 candidate Gal4 lines isolated from the screen. Scale bar, 100Â Âµm. Brain images from FlyLight Gal4 LexA collection are shown. White boxes denote a pair of the dorsolateral cells. c, Expression patterns of VT58471-Gal4>UAS-mCD8::GFP line, VT43147-Gal4>UAS-mCD8::GFP line and Crz-Gal4>UAS-mCD8::GFP line in the brain, the VNC and a part of the foregut, stained with anti-GFP (green) antibody. Neuropil is stained with nc82 (bruchpilot, magenta) antibody. Cell bodies of candidate neurons (arrowheads) and their projections to the foregut (arrows) are shown. Scale bar, 100Â Âµm. Images are z-stacked projections. d, Inactivation of the candidate neurons by expressing UAS-Kir2.1, tub-Gal80ts under the control of VT58471-Gal4, VT43147-Gal4 or Crz-Gal4 at 30â€‰Â°C blunts a preference for d-glucose in starved flies. ***PÂ <Â 0.001; one-way ANOVA with Tukey post hoc test. See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 2 Axons and dendrites of CN neurons and a LexA line that labels a pair of CN neurons.
a, Axons and dendrites of CN neurons in the brain visualized by an axonal marker, UAS-Syt::eGFP, and a dendritic marker, UAS-DenMark, under the control of CN-Gal4, stained with anti-GFP (green) and anti-dsRed (DenMark, magenta,Â see Methods) antibodies. Arrowheads denote CN cell bodies and arrows indicates CN axons (left) and dendrites (middle). b, The brain of a fly carrying R20F11-LexA and LexAop-GFP, stained with anti-GFP (green) antibody. Cell bodies of CN neurons are stained with anti-Crz (magenta) antibody. Arrowheads indicate cell bodies of the dorsolateral CN neurons. Scale bar, 20Â Âµm. c, Inactivation of CN neurons by expressing LexAop-TNT under the control of R20F11-LexA blunts a preference for d-glucose in starved flies. SEZ, subesophageal zone. Scale bar, 50 Âµm. Z-stacked projections are shown. ***PÂ <Â 0.001; one-way ANOVA with Tukey post hoc test. See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 3 The activity of CN neurons is stimulated by glucose or pyruvate, but not by sucrose or a mixture of essential amino acids.
a, Representative traces of CN neuronal activity in response to 2 mM, 10 mM and 15 mM d-glucose. bâ€“e, Quantifications of CN responses to 1 mM, 2 mM, 5 mM, 10 mM, 15 mM and 20 mM d-glucose. When 1 to 5 mM d-glucose were applied, all parameters increased. When higher concentrations (10 to 20 mM d-glucose) were applied, the oscillation number (c) and oscillation frequency (e) decreased, while the peak amplitude (b) and duration (d) increased. f, Representative traces of CN neuronal activity in response to 20 mM sucrose, 20 mM pyruvate and a mixture of ten EAAs. gâ€“j, Quantifications of CN neuronal responses to 20 mM sucrose, 20 mM pyruvate and a mixture of 10Â EAAs. *PÂ <Â 0.05 and **PÂ <Â 0.01; one-way ANOVA with Tukey post hoc. See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 4 Glut1, Hex-C, KATP channel and voltage-gated calcium channel are required in CN neurons to respond toÂ glucose, and the activity of CN neuron is controlledÂ by the internal energy state in live animals.
a, Inactivation of Glut1 by expressing UAS-Glut1 RNAi under the control of CN-Gal4 (but not other glucose transporters) blunts a preference for d-glucose in starved flies. b, Inactivation of Hex-C by expressing UAS-HexC RNAi under the control of CN-Gal4 blunts a preference for d-glucose, but not other hexokinases, in starved flies (Hex-T2 and Hex-A). c, Inactivation of KATP channel or voltage-gated calcium channel by expressing UAS-SUR1 RNAi or UAS-Ca-Î±1D RNAi by CN-Gal4 blunts a preference for d-glucose in starved flies. dâ€“h, Representative traces (d) and quantifications (eâ€“h) of calcium responses to 1 mM glucose by CN neurons of flies in which Glut1, SUR1 or voltage-gated calcium channel subunit (Ca-Î±1D) was knocked down by RNAi, or those of control flies. i, j, Representative images (i) and quantifications of native CaLexA-driven GFP intensity from CN cell bodies (j) of fed, starved or refed flies carrying CN-Gal4 and UAS-CaLexA (UAS-mLexA-VP16-NFAT, LexAop-GFP). Cell bodies of CN neurons are stained with anti-Crz (magenta) antibody. Scale bar, 20Â Âµm. Images are z-stacked projections. *PÂ <Â 0.05, **PÂ <Â 0.01 and ***PÂ <Â 0.001; one-way ANOVA with Tukey post hoc test. See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 5 Nutrient-dependent plasticity does not occur in the majority ofÂ CrzÂ neurons exceptÂ a pair of the dorsolateral CN neurons.
aâ€“d, The relative fluorescence intensities of Sytâ€“GFP signals (a, b) and the branch lengths (c, d) of axon 1 (A1) (neurite to IPCs, a, c) and axon 2 (A2) (neurite to CC, b, d) in fed, starved or refed flies carrying Crz-Gal4 and UAS-Syt::GFP. eâ€“h, Representative images (e) and quantifications (fâ€“h) of the number of Sytâ€“GFP+ puncta in fed, starved or refed flies carrying Crz-Gal4 and UAS-Syt::GFP in the dorsal lateral area (DL, f), the medial lateral area (ML, g) and the SEZ. In h, Arrowheads and arrows indicate Sytâ€“GFP+ puncta on A1 and A2, respectively. Scale bar, 50Â Âµm. Images are z-stacked projections. *PÂ <Â 0.05, **PÂ <Â 0.01 and ***PÂ <Â 0.001; one-way ANOVA with Tukey post hoc test. See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 6 CN neurons expressing P2X2 receptor can be readily activated by ATP application, and Dh44 neurons and CN neurons are not functionally coupled.
a, b, Average GCaMP traces (a) and their Î”F/F (max) quantifications (b) of CN neurons when exposed to 2.5Â mM ATP. c, Average GCaMP trace of flies carrying Dh44-Gal4, UAS-GCaMP6s in response to ATP. d, Average GCaMP trace of flies carrying Dh44-Gal4, UAS-GCaMP6s, Dh44-LexA and LexAop-P2X2 in response to ATP. e, Average GCaMP trace of flies carrying Crz-Gal4, UAS-GCaMP6s, Dh44-LexA and LexAop-P2X2 in response to ATP. f, Average GCaMP trace of flies carrying Dh44-Gal4, UAS-GCaMP6s, R20F11-LexA and LexAop-P2X2 in response to ATP. ***PÂ <Â 0.001; one-way ANOVA with Tukey post hoc test. See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 7 The circulating levels of dilp2 and AKH in haemolymph are measured by mass spectrometry and dot blot assay.
a, Sequences of dilp2, AKH, tryptic peptide of dilp2 B chain and tryptic peptide of AKH. We detected dilp2 B chain at m/z (mass to charge ratio): 369.1785 (TLCSEK, M2H+: 369.1785) and AKH at m/z: 497.2374 (QLTFSPDW, M2H+: 497.2374). b, Nomenclature and m/z values of fragment ions (N-terminal directed â€˜aâ€™ and â€˜bâ€™ ions, as well as, C-terminal directed â€˜yâ€™ ions) which is driven by dilp2 B chain and AKH. c, d, Relative extracted ion intensities for the dilp2 B chain and its fragment ions in each trial (c), and AKH and its fragment ions in each trial (d) generated from the haemolymph of fed flies in which CN neurons were inactivated, or those of control flies; seeÂ Methods. e, f, A dot blot (e) and its quantification (f) show the levels of dilp2 in the haemolymph of wild type (w1118), UAS-Kir2.1/CN-Gal4;dilp2-HA and UAS-Kir2.1/+;dilp2-HA flies, probed with anti-HA antibody to detect dilp2. Because w1118 flies do not express dilp2â€“HA, they were used as a negative control. g, h, A dot blot (g) and its quantification (h) show the levels of AKH in the haemolymph of CN-Gal4/+, UAS-Kir2.1/+ and UAS-Kir2.1/CN-Gal4 flies, probed with anti-AKH antibody. The intensity of black dots in the red dashed circle represents the quantity of dilp2 or AKH that was later normalized to Ponceau staining. For gel source data, see Supplementary Fig. 1. **PÂ <Â 0.01 and ***PÂ <Â 0.001; unpaired two-tailed t-test (f) and one-way ANOVA with Tukey post hoc test (h). See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 8 Calcium responses to D-glucose or KATP channel blocker by IPCs of flies in which CN neurons were silencedÂ orÂ sNPF receptorÂ was rendered nonfunctional.
a, b, Individual traces of IPCs in control flies carrying R20F11-LexA, dilp2-Gal4 and UAS-GCaMP6s (a) and in experimental flies carrying R20F11-LexA, LexAop-TNT, dilp2-Gal4 and UAS-GCaMP6s (b) responding to d-glucose. c, Average GCaMP traces and Î”F/F (max) quantifications from IPCs of fed flies in which CN neurons were inactivated by TNT in response to KATP channel blocker glibenclamide, or those of control flies. d, IPCs partition into three subpopulations depending on their response to glibenclamide; seeÂ Methods. eâ€“f, Individual traces of IPCs in control flies (e) and in flies in which CN neurons were inactivated by TNT (f) responding to glibenclamide. Because a saturating concentration of d-glucose (20 mM) was used to quantify the populations of IPCs, we used 100 ÂµM glibenclamide, a saturating concentration for glibenclamide according to our control experiments. g, IPCs partition into three subpopulations according to their response to glucose with or without sNPF receptor; seeÂ Methods. h, i, Individual traces of IPCs in control flies (h) and in flies in which sNPF receptor was rendered non-functional by expressing a dominant negative allele of sNPF receptor in the IPCs (i) responding to d-glucose. ***PÂ <Â 0.001; unpaired two-tailed t-test (c). See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 9 Crz is not required in CN neurons for the two-choice behaviourÂ and sugar-evoked Crz secretion.
a, b, Expression of GFP in the brains of flies carrying Crz-Gal4, UAS-mCD8::GFP (a) or Crz receptor (CrzR)-Gal4, UAS-mCD8::GFP (b). Scale bar, 100Â Âµm. c, d, Knockdown of Crz or Crz receptor in flies carrying Crz-Gal4 and UAS-Crz RNAi (c) or CrzR-Gal4 and UAS-CrzR RNAis (d), respectively, does not impairÂ the selection of d-glucose in starved flies. e, Immunoreactivity of intracellular Crz in CN neurons, probed with anti-Crz antibody, when the brains were incubated in 80 mM sucrose, 80 mM d-glucose (d-Glc), 80 mM d-glucose mixed with 0.5 ÂµM TTX (d-Glc/TTX) or 80 mM l-glucose (l-Glc) inÂ  AHL. Scale bar, 5Â Âµm. Images are z-stacked projections. One-way ANOVA with Tukey post hoc test (c, e) or unpaired two-tailed t-test (d). See Supplementary Table 1 for the sample sizes and statistical analyses.

                          Source data
                        


Extended Data Fig. 10 Activity of IPCs was stimulated by sNPF application, and the circulating trehalose level in which CN neurons had beeninactivated was reduced.
a, b, Average GCaMP traces (a) and Î”F/F (max) quantifications (b) from the IPCs in response to 80 ÂµM sNPF in AHL or DMSO in AHL. c, An increase in circulating trehalose level in fed or starved flies in which CN neurons were inactivated. The levels of circulating trehalose in flies carrying CN-Gal4 and UAS-Kir2.1 and its heterozygote controls (CN-Gal4/+ and UAS-Kir2.1/+). d, A working model of the anatomic connectivities between CN neurons and IPCs (green), and between CN neurons and AKH-producing cells (red). CN neurons regulate glucose homeostasis by counter-balancing the activities of IPCs and AKH-producing cells through sNPF neurotransmitter that activates IPCs and inactivates AKH-producing cells. *PÂ <Â 0.05, **PÂ <Â 0.01 and ***PÂ <Â 0.001; unpaired two-tailed t-test (b) and one-way ANOVA with Tukey post hoc test (c). See Supplementary Table 1 for the sample sizes and statistical analyses.
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