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            Abstract
Orexins (also called hypocretins) are hypothalamic neuropeptides that carry out essential functions in the central nervous system; however, little is known about their release and range of action in vivo owing to the limited resolution of current detection technologies. Here we developed a genetically encoded orexin sensor (OxLight1) based on the engineering of circularly permutated green fluorescent protein into the human type-2 orexin receptor. In mice OxLight1 detects optogenetically evoked release of endogenous orexins in vivo with high sensitivity. Photometry recordings of OxLight1 in mice show rapid orexin release associated with spontaneous running behavior, acute stress and sleep-to-wake transitions in different brain areas. Moreover, two-photon imaging of OxLight1 reveals orexin release in layer 2/3 of the mouse somatosensory cortex during emergence from anesthesia. Thus, OxLight1 enables sensitive and direct optical detection of orexin neuropeptides with high spatiotemporal resolution in living animals.
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                    Fig. 1: Development of the orexin sensor.[image: ]


Fig. 2: In vitro sensor characterization.[image: ]


Fig. 3: Ex vivo and in vivo validation of the sensor.[image: ]


Fig. 4: Monitoring orexin dynamics associated with natural behaviors.[image: ]


Fig. 5: Tracking orexin dynamics across sleep–wake cycles.[image: ]


Fig. 6: Two-photon imaging of cortical orexin dynamics during emergence from anesthesia.[image: ]
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                Data availability

              
              DNA and protein sequences of the sensors developed in this study have been deposited on the National Center for Biotechnology Information database (accession nos. MW845970 and MW845971) and are available in the Supplementary Note. The corresponding DNA plasmids for viral production have been deposited both at the VVF (https://vvf.ethz.ch/) and at Addgene. Viral vectors for sensor expression can be obtained either from the Patriarchi laboratory, the VVF or Addgene. All source data are provided with the manuscript. All other raw data can be made available upon reasonable request. Accession codes (Protein Data Bank) are 5WQC, 3SG7, 1WSO and 1CQ0. Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Optimization of cpGFP insertion site into OX2R.
a, Sequence alignment of transmembrane domains (TM) 5 and 6 from OX2R, OX1R and DRD1 indicating the insertion site for the cpGFP module from dLight1. Color code is based on percent identity between orexin receptors and DRD1. b, Representative images showing membrane expression profile of sensor prototypes based on either the OX1 or OX2 receptor in HEK293T cells. c, Membrane expression and fluorescence response to 10 µM OXA of the OX1 and OX2 sensor prototypes shown in a-b. p = 0.3510, for the membrane expression and p = 1.109 × 10−7 for the fluorescence response. n = 15 cells from 3 independent experiments. d-i, cpGFP Insertion point optimization on the TM6 and TM5 of OX2R. The variant showing best membrane expression and response to 10 µM OXA was called OxLight0.1. d, Schematic representation of TM6 insertion site optimization. e, Representative images of TM6 insertion sites variants. f, Quantification of fluorescence responses to 10 µM OXA and surface expression from variants shown in e. p = 0.0047 for OX2 prototype response compared to OxLight0.1. n = 12 and 16 cells for OX2 prototype and OxLight0.1 or ≥ 5 cells for all other variants. g, Schematic representation of TM5 insertion site optimization. h, Representative images of TM5 insertion sites variants. i, Quantification of responses to 10 µM OXA and surface expression from variants shown in h for all variants. j-k, In vitro characterization of OxLight0.1 in HEK293T cells. j, Representative images of OxLight0.1 pre and post addition of 10 µM OXA. k, Response of OxLight0.1 to sequential addition of OXA or OXB followed by dual orexin receptor antagonist EMPA. n = 26 and 31 cells for OXA + EMPA and OXB + EMPA, respectively. All data are shown as mean ± s.e.m. All scale bars, 10 µm. All statistical tests performed using two-tailed student’s t-test with Welch’s correction.
Source data


Extended Data Fig. 2 Optimization of OxLight0.1 dynamic range.
a, Fluorescence responses to 10 µM OXA of intracellular loop 2 (ICL2) variants of OxLight0.1. Left, every amino acid from the ICL2 was individually mutated to an alanine, lysine and glutamate. Right, site-saturated mutagenesis was performed on residue L160 which corresponds to F129 in dLight1. From this screening we selected two mutations (M161K and L160H) each of whom showed significantly higher responses compared to OxLight0.1 (n = 29 cells) (∆F/F0 = 153 ± 8%; p = 3.704 × 10−5 (n = 15 cells); ∆F/F0 = 168 ± 6%; p = 9.954 × 10−6 (n = 14 cells)), respectively). b, Fluorescence responses of OxLight0.1 TM5 variants generated as shown in the inset. The Q254E mutant showed a significantly higher response compared to OxLight0.1 (∆F/F0 = 194 ± 7%; p = 1.349 × 10−8) n = 28 and 20 cells from 3 independent experiments for OxLight0.1 and OxLight0.1-Q to E (TM5) respectively. c, Combination of beneficial mutations from both the ICL2 and TM5 screenings. The triple mutant containing M161K, L160H and Q254E had a greatly improved response: ∆F/F0 = 386 ± 25%; p = 4.843 × 10−9 (n = 19 cells) and was called OxLight0.2. d, Fluorescence responses of OxLight0.2 TM6 variants generated as shown in the inset. The K294R mutant showed a significantly higher response compared to OxLight0.2 (∆F/F0 = 915 ± 14%; p = 1.075 × 10−13 (n = 17 cells) and was called OxLight1. n.s., not significant. All data are shown as mean ± SEM with n ≥ 5 cells. All statistical tests have been performed using a Two-Tailed Student’s t-test with Welch’s correction with data resulting from three independent experiments. *** p < 0.0001.
Source data


Extended Data Fig. 3 Development and characterization of a control sensor.
a, Representative images of HEK cells expressing different mutants of OxLight1, indicated by absolute residue numbering from the N-terminus of OX2R. b, Quantification of maximal ∆F/F0 in response to bath-applied orexin-A and orexin-B (both at 10 µM) for all mutants in a. The OxLight1 E54K + T111A mutant has a significantly decreased response compared to OxLight1: p = 2.174 × 10−21 with n = 32 and 25 cells, respectively. c, The two OxLight1 sites selected for the control sensor are highlighted in magenta in the structural model of OxLight1. Residue sidechains are shown for the two amino acid positions E541.32 and T1112.61. d, Representative images of OxLight-ctr expression in HEK cells and ∆F/F0 after addition of OXA or OXB. e, Identical to d, but in primary cultured neurons. f, Left, membrane ∆F/F0 in OxLight1 or OxLight-ctr expressing HEK cells from time lapse imaging experiments. Bars indicate bath application of orexins (black, both at 10 µM) followed by the OX2R antagonist EMPA (magenta, 10 µM). Right, quantification of maximal ∆F/F0 from time lapse imaging experiments shown on left. n = 16 and 21, cells for OxLight1 OXA HEK compared to OxLight-ctr OXA HEK (p = 1.640 × 10−19). n = 10 and 22 cells for OxLight1 OXB HEK compared to OxLight-ctr OXB HEK (p = 5.926 × 10−11), Data are shown as mean ± SEM and all statistical analysis performed using Two tailed student’s t-test with Welch’s correction from 3 independent experiments. *** p < 0.0001. All scale bars, 10 µm.
Source data


Extended Data Fig. 4 Spectral properties of OxLight1.
a, Left, One-photon fluorescence excitation (λ emission = 560 nm) and emission (λ excitation = 470 nm) spectra acquired from OxLight1-expressing HEK cells in the absence (No OXA) or presence (OXA) of orexin-A (OXA, 10 µM). Each trace is the average of 3 independent experiments (a.u. = arbitrary units). Right, ratio of fluorescence excitation spectra shown on left. b, Left, relative two photon brightness of OxLight1 expressed in HEK cells grown adherent on a glass coverslip. Each trace is the average of 3 independent experiments. Right, ratio of traces shown on left. In both a and b fluorescence excitation and emission were normalized to the respective maximal value in the absence of OXA.
Source data


Extended Data Fig. 5 Brightness and p.H. sensitivity of OxLight1.
a, OxLight1 and OxLight-ctr brightness assessment in the presence or absence of 10 µM OXA compared to OX2R with C-terminally tagged GFP in HEK293T cells. All the data were normalized to OX2R-GFP mean fluorescence intensity. Representative images for each condition shown on top right, scale bars, 10 µm. p = 0,6367 for OxLight1+OXA compared to OX2R-GFP, two-tailed student’s t test with Welch’s correction. n = 104 cells from 3 different experiments for each condition. b, Comparison of OxLight1 fluorescence response to an equimolar mix of OXA and OXB (5 µM) (black) in PBS solutions at different pH levels. n = 60; 51; 53; 62; 63; 69; 71; 66; 57; 55; 69; 73; 57; 59; 52; 61; 53; 58; 51; 46; 51 cells for each dataset from p.H. 6 to 8, respectively. Each dataset was obtained from 3 independent experiments. All data are shown as mean ± SEM.
Source data


Extended Data Fig. 6 Additional characterization of OxLight1.
a, Characterization of OxLight1 coupling to intracellular calcium activity in primary rat hippocampal neurons. Intracellular calcium dynamics were measured in co-transduced neurons expressing OxLight1 and jRCaMP1b. ΔF/F0 responses of jRCaMP1b were recorded after addition of vehicle (ACSF + 1 µM TTX), followed by 1 nM and 500 nM equimolar mix of OXA and OXB. Ligand addition is indicated by colored bars. Maximal intracellular calcium response was elicited with 10 µM ionomycin as a positive control. n = 41 neurons from 5 different experiments. b, Quantification of responses from a. Individual data points represent the average jRCaMP1b ΔF/F0 response of individual neurons for each condition. One-way ANOVA (p = 1.748 × 10−130) followed by Bonferroni’s multiple comparison test comparing vehicle against 1 nM OXA-OXB (adjusted p = 0,9601), 500 nM OXA-OXB (adjusted p = 0,6052) and 10 µM ionomycin (p = 9.685 × 10−118). ns, non-significant (p > 0.016); *** p < 0.0001 c, Representative images of neurons used in a-b. Scale bar, 10 µm. d, Representative images of OxLight1 fluorescence at the indicated time points before and after addition of OXB (5 µM) and almorexant (10 µM). Scale bar, 10 µm. e, Normalized fluorescence response values for OxLight1-expressing cells as in d. n = 24 cells from 3 different experiments. *** p < 0.0001, n.s. not significant. Brown-Forsythe one way ANOVA test comparing 10, 30, 60 and 90 min: p = 0.1221; Brown-Forsythe one way ANOVA test followed by post hoc Dunnett’s T3 multiple comparison test to compare HBSS to 10, 30, 60, 90 min and Almorexant. p = 0.2042 between HBSS and Almorexant. All data are shown as mean ± SEM.
Source data


Extended Data Fig. 7 Characterization of sensor coupling to intracellular signaling partners.
a-e, Mini-G protein recruitment to wild-type orexin type-2 receptor (OX2R) or OxLight1. a, Agonist-induced membrane recruitment of mRuby-tagged mini-Gq, mini-Gs, mini-Gi or mini-G12 probes (collectively mini-Gx) in OX2R-expressing HEK293 cells upon OXB addition (50 nM). TIRF time-lapse movies frame-rate was 0.2/s. Signal quantification: agonist-induced ratio-change of mRuby-fluorescence compared to baseline (∆R/R0). n = 3 independent experiments for each mini-G. b, Membrane-recruitment normalized to M1-Alexa-647 fluorescence (before vs. 5 min after OXB addition) observed for constructs tested in a. Mini-Gq (n = 19 cells) compared to mini-Gi (n = 17 cells, p = 4.541×10−5), mini-Gs (n = 15 cells, p = 7.755×10−6) and miniG12 (n = 11 cells, p = 6.816×10−6). c, Recruitment of mRuby-tagged-mini-Gq measured as in a in OX2R- or OxLight1-expressing HEK293 cells (n = 3 independent experiments). d, Membrane-recruitment normalized to M1-Alexa-647 fluorescence (before vs. 5 minutes after OXB treatment) observed for constructs tested in c. p = 2.196×10−5 for OxLight1 compared to OX2R. n = 19 and 14 cells for OX2R and OxLight1, respectively. e, Membrane-recruitment (before vs. 5 minutes after OXB treatment) of mRuby-tagged-mini-Gs, mini-Gi or mini-G12 monitored in OxLight1-expressing HEK293 cells upon OXB addition (50 nM) compared to baseline (∆R/R0) and normalized to M1-Alexa-647 fluorescence. n = 19, n = 21 and 17 cells (n = 3 independent experiments) for mini-G12, mini-Gi and mini-Gs respectively. f, Membrane-recruitment of mCherry-tagged-beta-Arrestin-2 to activated OX2R or OxLight1 upon OXB addition (50 nM), measured as in a. and normalized to M1-Alexa-647 fluorescence g, Membrane-recruitment of mCherry-tagged-beta-Arrestin-2 (before vs. 15 min after OXB addition) observed for each construct tested in f. p = 4.603×10−6 for OxLight1 compared to OX2R. n = 19 and 23 cells (n = 5 independent experiments for OX2R and OxLight1, respectively). h, Representative images of cells from g at baseline and 15 minutes after stimulation with OXB (50 nM). Scale bars, 10 µm. All data shown as mean ± SEM, two-tailed student’s t test with Welch’s correction for all statistical analyses.
Source data


Extended Data Fig. 8 Dynamic orexin fluctuations during brain states.
a, Schematic drawing of AAV injections in the LH and experimental setup for recording EEG, EMG and fiber photometry during sleep–wake states. b, Representative recordings showing (top to bottom) EEG spectrogram, EEG, EMG, hypnogram, and ΔF/F0 fluorescence trace of an OxLight1-injected animal. Left, example of a wake-predominant 30-minute recording, and right, example of a REM-predominant 30-minute recording. Both traces belong to the same OxLight1-injected animal. Hypnogram color-code: wake = green, NREM = blue, REM = orange. c, Medetomidine and isoflurane-induced modulation of OxLight1 signal in OxLight1-injected mice. Left, bar plots graph showing mean ΔF/F ± SEM of the sleep–wake and anesthetic-dependent states (medetomidine top left, isoflurane bottom left). Statistical analysis was performed using one-way ANOVA with Bonferroni’s multiple comparisons test n = 4 mice, p = 0.0191 for NREM vs REM (Medetomidine), p = 0.0216 for REM vs Medetomidine, p = 0.0118 for Wake vs REM, p = 0.0062 for Wake vs Isofuorane, p = 0.0032 for NREM vs REM (isoflurane), p = 0.0017 for REM vs Isofluorane. Right, representative hypnogram and trace of OxLight1 fluorescence in one-hour recording during medetomidine injection (top right) and isoflurane exposure (bottom right). Time spent under isoflurane-induced anesthesia: 12 minutes, time spent in medetomidine-induced anesthesia: 30 minutes.
Source data


Extended Data Fig. 9 Immunohistochemical verification of orexinergic fibers in the somatosensory cortex.
a, A coronal section of the somatosensory cortex of one mouse showing the laminar spread of OxLight1. Scale bar, 100 µm. b, A high-magnification image (40x) of one coronal section from a brain expressing OxLight-ctr (green) in the somatosensory cortex layer 2/3 (L2/3). The section was stained with Hoechst dye (blue) and with an anti-Orexin-A antibody (white). Scale bar, 50 µm.


Extended Data Fig. 10 Characterization of OxLight1 and OxLight-ctr expression in somatosensory cortex.
a, Distributions of pixel-intensities for maximum-projections shown in Fig. 6b top-left (dark grey) and bottom left (light grey) from one FOV in a mouse expressing OxLight1. b, Same as in a for OxLight-ctr, related to Fig. 6b top-right (dark grey) and bottom right (light grey). c, Fluorescence traces representing frame-by-frame average fluorescence from all pixels in 2 FOVs from 2 mice expressing OxLight1 (left) or OxLight-ctr (right). Anesthesia was off for the first 2 minutes of imaging. d, Raw-fluorescence traces for 2 example OxLight1-FOVs and 2 example OxLight-ctr-FOVs, corresponding to a time window between the 3rd and 6th minute of imaging in each FOV. Boxes highlight the most-active minute. e, Mean across-frames s.d. calculated during the first minute of imaging and during the most-active minute, for each OxLight1 FOV (light-green) and OxLight-ctr-FOV (dark-green). Solid lines indicate mean across FOVs. OxLight1 data are normally distributed (paired t-test; p = 0.0013), while OxLight-ctr data are not (Wilcoxon signed-rank test; p = 0.57). f, Median pixel intensity values during the anaesthetized period (F0) in 8 OxLight1-FOVs and 8 OxLight-ctr-FOVs. The two distributions are not significantly different (unpaired t-test; p = 0.41). g, Heatmaps showing the frame-by-frame deconvolved activity in 20 ROIs from one example OxLight1-FOV (left) and one example OxLight-ctr-FOV (right). Solid vertical grey lines indicate the most-active minute. FOVs are the same as in Fig. 6 f. h, Heatmaps showing frame-by-frame raw fluorescence of each ROI in 2 example OxLight1-FOVs. Yellow lines indicate the most-active minute. i, Same as in h, but for 2 example OxLight-ctr-FOVs. j, Pearson’s correlation coefficients between all ROI pairs in 2 example OxLight1-FOVs, during the most-active minute. k, Same as in j, but for two example OxLight-ctr-FOVs. l, Pearson’s correlation coefficients in 8 OxLight1-FOVs across all pairs of active and inactive ROIs, during most-active minute (mean + /- SEM) (Wilcoxon signed-rank test; p = 0.0207).
Source data
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Reporting Summary

Supplementary Video 1
Two-photon movie of an FOV acquired in the somatosensory cortex of a mouse expressing OxLight1 in layer 2/3. Isoflurane anesthesia was on for the first minute of imaging and was then turned off while the mouse was allowed to recover. Scale bar, 50 μm. Images were acquired at 5 Hz.


Supplementary Video 2
Two-photon movie of an FOV acquired in the somatosensory cortex of a mouse expressing OxLight-ctr in layer 2/3. Isoflurane anesthesia was on for the first minute of imaging and was then turned off while the mouse was allowed to recover. Scale bar, 50 μm. Images were acquired at 5 Hz.
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