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Extended Data Fig. 4 | Photophysical properties of nLightR2. a, Simplified 
drawing of nLightR2 fluorescence photocycle and b, reversible positive and 
negative photoswitching. c, Experimental design. blue shapes correspond to 
488 nm and green to 560 nm light, both at 30 mW/mm2. d, Exemplary images 
showing positive photoswitching of nLightR2-expressing HEK cells in its apo 
and NE-bound states (10 µM NE). Color bar represents nLightR2 fluorescence 
intensity in arbitrary units (a.u.). e, Relative positive photoswitching to ligand 
response. Bars show the mean +/- SEM of the 488 nm light effect (data are 
normalized to 10 µM NE response). Positive photoswitching effect apo vs.  
NE-bound (two-sided paired t test, ***p = 0.0002, n = 4 dishes). Data shown 
as mean +/- SEM (error bars). f, Positive photoswitching kinetics in apo and 

NE-bound state. Data presented as fold change from no 488 irradiation. Effect is 
larger on the NE-bound than the apo state (two-sided unpair t test, p = 7.39e-14,  
n = 18 trials, from two dishes) g, Mixed photobleaching and negative 
photoswitching behavior of NE-bound nLightR2 vs. jRGECO1a + Ionomycin.  
h, Zoom-in view from g to highlight negative photoswitching effect. i, Negative 
photoswitching: Exemplary NE-bound nLightR2 trace before (top), and after 
(bottom) photobleaching correction. Image blocks are represented by different 
colors. Imaging blocks were intercalated with 30 s of no 560 light (recovery 
phase). j, Normalized maximum to minimum fluorescence per image block after 
photobleaching correction (solid line, n = 4 different dishes) +/- SEM (error bars). 
Dashed lines represent the recovery period without 560 nm light.
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Extended Data Fig. 5 | In vivo benchmarking of nLightR2 during tail-lifting.  
a, Experimental design: Fiber photometry to record norepinephrine (NE) release 
in the lateral hypothalamus (LH) using either nLightR or nLightR2. b, Behavioral 
paradigm. Tail Lift (TL): 1 m, 5 times. c, ∆F/F0 during TL. Solid lines represent the 
mean (nLightR, n = 5 mice; nLightR2, n = 6 mice) +/- SEM (shading). Min to peak 

∆F/F0 before, during and after TL. (p = 0.008, Two-Way-ANOVA: Variant x Event 
interaction). d, Peri-event (140 s) heat maps showing ∆F/F0 for both variants. 
Rows represent individual trials (nLightR, 25 trials; nLightR2, 30 trials). Dashed 
line indicated TL duration. e, Area under the curve (AUC) of ∆F/F0 during the TL 
duration (p = 5.048e-007, two-tailed t-test).
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Extended Data Fig. 6 | Trial-by-trial characterization of Ca2+ and NE activity 
in the aBLA during cued-fear conditioning. a, 100 s heatmaps during the CS-US 
parings. Colors represent the Pearson correlation between the PinkyCaMP 
and nLightG2 (top) or nLightG2-ctr (bottom) the z-Scores (2 s bin window). 
Each row represents a trial (10x CS-US parings / session), and each block 

represents a different mouse. b, Pearson correlation mean across all the trials 
(nLightG2::PinkyCaMP, n = 80 trials, nLightG2-ctr::PinkyCaMP, n = 40 trials). 
c, Cross-correlation around the US presentation of LightG2::PinkyCaMP (top) 
and nLightG2-ctr::PinkyCaMP (bottom). Solid lines represent the mean +/- SEM 
(shading).
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Extended Data Fig. 7 | Spectral properties of nLightR2 in vivo. a. Images 
showing nLightR2 fluorescence in the CA1 hippocampal layer of a head-fixed 
mouse for the red channel (top row) and the green channel (bottom row). Images 
are average fluorescence intensity (F) projections of recorded t-series acquired 
at the indicated excitation wavelengths. Scale bar, 50 µm. b. Mean, 25th, 50th, 75th, 

and 90th percentile values of the single-frame fluorescence intensity distribution 
are plotted as a function of the excitation wavelength for both the red (top row) 
and green (bottom row) channels. The color code indicates animal identity. Black 
lines and grey shaded areas represent the average across animals ± s.d. Values are 
computed over 3600 recorded frames.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Two-photon hippocampal imaging of nLightR2 during 
virtual spatial navigation. a Two-photon imaging was performed in head-fixed 
awake mice navigating a virtual reality corridor. b Side view of the corridor and 
hippocampus schematic showing the imaged CA1 pyramidal layer (pink). c Five-
day experimental protocol: water rewards at 85 cm on days 1–2 and first half of 
day 3; reward shifted to 145 cm for second half of day 3 and days 4–5.  
d Representative FOVs showing nLightR2 signal across days; images are temporal 
averages scaled to maximum intensity (scale bar 50 μm). e–g Event-triggered 
averages of nLightR2 signal (e), running speed (f), and normalized lick rate (g) 
aligned to running onset (gold, t = 0 s) or reward crossing (teal, t = 0 s); lines ± s.d.  
h Average nLightR2 responses vs running speed across five days; significance 
assessed by two-sided rank-sum test: day 1 P(run)=1.00, P(reward)=2.09×10−2; 

day 2 P(run)=0.248, P(reward)=1.00; day 3 P(run)=2.09×10−2, P(reward)=1.00; 
day 4 P(run)=2.09×10−2, P(reward)=2.09×10−2; day 5 P(run)=1.00, 
P(reward)=4.95×10−2. i Average nLightR2 responses vs normalized lick rate: 
P = 2.09×10−2, 2.09×10−2, 2.09×10−2, 0.248, 0.513 for days 1–5. j Representative  
FOV with overlaying ROI grid (scale bar 50 μm) used for trace extraction.  
k,m Event-triggered ΔF/F0 for running (k) and reward crossing (m) for all ROIs; 
l,n cross-correlation matrices (lower left triangles) and hierarchical clustering 
(upper-right triangles) for all traces extracted from the ROIs displayed in (k) and 
(m). o Pairwise Pearson’s correlation value of nLightR2 signals at reward crossing 
plotted as a function of Pearson’s correlation value upon running. Data from 
386,120 ROI pairs from 3,920 ROIs in 4 mice over five sessions; diagonal indicated 
by white dashed line.
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Extended Data Fig. 9 | Two-photon hippocampal imaging of nLightR2-ctr 
during virtual spatial navigation. a. Two-photon imaging was performed 
in head-fixed awake animals navigating in a virtual corridor. b. Longitudinal 
two-photon imaging was done while mice navigated for two consecutive days 
a familiar virtual corridor where they received water rewards at 85 cm from the 
start. c. Schematics of the hippocampus indicating the transduction of nLightR2-
ctr in the CA1 pyramidal layer (pink, with gray contour). d. Representative 
average temporal projection of a FOV showing nLightR2-ctr fluorescence in the 
two consecutive experimental days. Projections are scaled to their maximum 
intensity value. Scale bars 50 μm. e. Event-triggered averages of nLightR2-ctr 
fluorescence over the whole FOV upon running (gold) or crossing the reward 
position (teal) in the two consecutive days. f-g, Same as in (e) for speed (f) and 

normalized (norm.) lick rate (g). h, The average nLightR2-ctr fluorescence over 
the whole FOV upon running (gold) or crossing the reward position (teal) are 
shown as a function of running speed over the two recording days. i, Average 
nLightR2-ctr fluorescence over the whole FOV upon crossing the reward position 
shown as a function of normalized lick rate in the two consecutive recording 
days. In (h-i) n.s., not significant two-sided rank-sum test; H0, slope of the linear 
model equals to 0. In (h), P values are: day 1, P(run) = 5.13 × 10−1, P(reward) = 1.00; 
day 2, P(run) = 5.13 × 10−1, P(reward) = 1.00. In (i), P values are: day 1, P(reward) = 
2.48 × 10−1; day 2, P(reward) = 2.48 × 10−1. In panels (e-i), thick lines and shaded 
areas represent mean ± s.d. In (e-i), running epochs contain data from 3 animals, 
while reward crossing epochs have data from 4 animals.
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Extended Data Fig. 10 | Simultaneous two-photon imaging of NE and 
astrocytic calcium dynamics during virtual spatial navigation. a. Event-
triggered averages reporting the amplitude of nLightR2 signals over the whole 
FOV upon running (gold) and reward position crossing (teal). b, c. Same as in 
(a) for speed (b) and normalized (norm.) lick rate (c). d. Bidimensional density 
plot reporting pairwise correlation for nLightR2 ROIs. Pearson’s correlation 
value of nLightR2 signals upon crossing of the reward position is reported as a 
function of Pearson’s correlation value of nLightR2 signals upon running. The 
white dashed line indicates the diagonal. Data are from 133770 pairs from 1372 
ROIs e. Same as in (d), but for pairs of astrocytic ROIs. Data from 1475 pairs from 

114 ROIs. f. Pearson’s correlation value in pairs for nLightR2 ROIs computed 
during run (gold) and reward (teal) behavioral epochs expressed as function of 
pairwise distance (p = 0.001 for epoch effect (run vs reward), distance-epoch 
interaction n.s. for all distances (Supplementary Table 2), Linear Mixed-Effects 
model, n = 7 sessions from 4 mice). g. Same as in (f), but for pairs of astrocytic 
ROIs (n.s. epoch effect (run vs reward), distance-epoch interaction n.s. for all 
distances (Supplementary Table 3), Linear Mixed-Effects model, n = 7 sessions 
from 4 mice). Lines and shaded areas in (a–c and f,g) indicate mean ± s.d., while in 
f,g indicate mean ± sem. In all panels data was recorded across 7 imaging sessions 
from 4 mice.
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