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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. ¢, Experimental design. blue shapes correspond to
488 nmand green to 560 nm light, both at 30 mW/mm?.d, Exemplary images
showing positive photoswitching of nLightR2-expressing HEK cells inits apo
and NE-bound states (10 pM 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 pM NE response). Positive photoswitching effect apo vs.
NE-bound (two-sided paired t test, ***p = 0.0002, n = 4 dishes). Data shown
asmean +/- 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. jRGECO1la + lonomycin.

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 DataFig. 5|In vivo benchmarking of nLightR2 during tail-lifting.

a, Experimental design: Fiber photometry to record norepinephrine (NE) release
inthe lateral hypothalamus (LH) using either nLightR or nLightR2. b, Behavioral
paradigm. Tail Lift (TL): 1 m, 5 times. ¢, AF/F, during TL. Solid lines represent the
mean (nLightR, n =5mice; nLightR2, n = 6 mice) +/- SEM (shading). Min to peak

AF/F,before, during and after TL. (p = 0.008, Two-Way-ANOVA: Variant x Event
interaction). d, Peri-event (140 s) heat maps showing AF/F, for both variants.
Rows represent individual trials (nLightR, 25 trials; nLightR2, 30 trials). Dashed
lineindicated TL duration. e, Area under the curve (AUC) of AF/F,during the TL
duration (p =5.048e-007, two-tailed t-test).
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é nLightG2::PinkyCaMP (n = 80 trials)
y nLightG2-ctr::PinkyCaMP (n = 40 trials)

-20 -10 0

Extended Data Fig. 6 | Trial-by-trial characterization of Ca2+and NE activity
inthe 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).
Eachrow represents a trial (10x CS-US parings/session), and each block
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represents a different mouse. b, Pearson correlation mean across all the trials
(nLightG2::PinkyCaMP, n = 80 trials, nLightG2-ctr::PinkyCaMP, n = 40 trials).

¢, 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 DataFig. 7| Spectral properties of nLightR2 in vivo. a. Images and 90" percentile values of the single-frame fluorescence intensity distribution
showing nLightR2 fluorescence in the CA1 hippocampal layer of a head-fixed are plotted as a function of the excitation wavelength for both the red (top row)
mouse for the red channel (top row) and the green channel (bottom row). Images and green (bottom row) channels. The color code indicates animal identity. Black
are average fluorescence intensity (F) projections of recorded t-series acquired lines and grey shaded areas represent the average across animals +s.d. Values are
at the indicated excitation wavelengths. Scale bar, 50 pm. b. Mean, 25%, 50, 75", computed over 3600 recorded frames.
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Extended Data Fig. 8| Two-photon hippocampal imaging of nLightR2 during
virtual spatial navigation. a Two-photonimaging 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 um). 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)=2.09x10%;

day 2 P(run)=0.248, P(reward)=1.00; day 3 P(run)=2.09x1072, P(reward)=1.00;
day 4 P(run)=2.09x1072, P(reward)=2.09x107%; day 5 P(run)=1.00,
P(reward)=4.95x10". i Average nLightR2 responses vs normalized lick rate:
P=2.09x1072,2.09x1072,2.09x1072,0.248, 0.513 for days 1-5. j Representative
FOV with overlaying ROl grid (scale bar 50 pm) used for trace extraction.

k,m Event-triggered AF/FO for running (k) and reward crossing (m) for all ROIs;
I,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-photonimaging was done while mice navigated for two consecutive days
afamiliar virtual corridor where they received water rewards at 85 cm from the
start. c. Schematics of the hippocampus indicating the transduction of nLightR2-
ctrinthe CAlpyramidallayer (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 pm. e. Event-triggered averages of nLightR2-ctr
fluorescence over the whole FOV upon running (gold) or crossing the reward
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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 afunction of normalized lick rate in the two consecutive recording
days. In (h-i) n.s., not significant two-sided rank-sum test; H,, slope of the linear
model equals to 0.In (h), Pvalues are: day 1, P(run) =5.13 10, P(reward) =1.00;
day 2, P(run) =5.13x107%, P(reward) =1.00. In (i), P values are: day 1, P(reward) =
2.48x107"; day 2, P(reward) =2.48 x 107", 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.

position (teal) in the two consecutive days. f-g, Same as in (e) for speed (f) and
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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 asin
(a) for speed (b) and normalized (norm.) lick rate (c). d. Bidimensional density
plotreporting pairwise correlation for nLightR2 ROIs. Pearson’s correlation
value of nLightR2 signals upon crossing of the reward positionis reported asa
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 asin (d), but for pairs of astrocytic ROls. 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-cand f,g) indicate mean + s.d., while in
f,gindicate mean + sem. In all panels data was recorded across 7 imaging sessions
from 4 mice.
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Plants
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Antibodies

Antibodies used monoclonal mouse ANTI-FLAG M1 antibody; 1:1000; Sigma-Aldrich (F3040);
chicken anti-GFP (1:500; Thermo Fisher Scientific, cat#A10262);
mouse anti-GFP (1:150; Roche, cat#1814460);
rabbit a-TH (1:1000; Merck Millipore, cat#AB152)
rabbit anti-mCherry antibody (1:1000; ab167453, Abcam)
Alexa Fluor 488 goat anti-chicken (1:1000; catalog no. A11039, ThermoFisher Scientific)
Alexa Fluor 647 goat anti-rabbit (1:1000; catalog no. A32733, ThermoFisher Scientific)
Alexa Fluor 488 goat anti-mouse (1:1000; Jackson ImmunoResearch 115-545-003)
Alexa Fluor 594 donkey anti-rabbit (1:1000; Thermofisher Scientific R37119)

Validation All primary antibodies were validated by the commercial provider and by published research articles.

chicken anti-GFP has been validated by Thermo Fisher Scientific and its use in immunofluorescence has been verified by Huang Z et
al, Nat Commun, 2023;

mouse anti-GFP has been validated by Roche and its use in immunofluorescence has been verified by Chalfie M, et al. Science, 263,
802-805 (1994)

rabbit a-TH has been validated by Merck Millipore and its use in immunofluorescence has been verified by Goff LA et al, PNAS, 2015;

rabbit anti-mCherry has been validated by Abcam and its use in immunofluorescence has been verified by Yang N et al, Nat Commun
2023.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells (ATCC cat#3216)

Authentication The cell lines were authenticated by the vendor (ATCC) using Short Tandem Repeat (STR) Profiling to detect misidentified,
cross-contaminated, or genetically-drifted lines.

Mycoplasma contamination The cell line used was mycoplasma-free.

Commonly misidentified lines  The study did not involve commonly misidentified cell lines.
(See ICLAC register)
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Primary cortical neuronal cultures were prepared from embryonic day 17 (E17) Rattus norvegicus (Wistar) embryos dissected from
timed-pregnant females (Envigo, UK). Wild-type Mus musculus (C57BL/6J; The Jackson Laboratory, stock #000664), heterozygous
B6.Cg-Dbh<sup>tm3.2(cre)Pjen</sup>/J (Dbh-Cre; The Jackson Laboratory, stock #033951), and heterozygous C57BL/6-Tg(Dbh-
iCre)1Gsc (Dbh-iCre; MMRRC, strain #036778-UCD) mice of both sexes, aged 6—20 weeks, were used. All mice were on a C57BL/6)
genetic background and were bred in-house or obtained from the above suppliers. Animals were group-housed (2-5 per cage) in
individually ventilated cages under controlled environmental conditions (ambient temperature 21-24 °C, relative humidity 40-60%)
on either a reversed (for optogenetic experiments) or normal 12 h light—dark cycle. Food and water were available ad libitum. All
animals were regularly monitored to ensure stable housing conditions and welfare.

No wild animals were used in this study.

A roughly equal amount of mice of each sex was used for both ex vivo and in vivo photometry-based experiments in this study.

No field-collected samples were used in this study.

Animal procedures were performed in accordance with the European Community Council Directive, the UK Animals (Scientific
Procedures) Act 1986, the Animal Welfare Ordinance (TSchV 455.1) of the Swiss Federal Food Safety and Veterinary Office, and were
approved by the Zirich Cantonal Veterinary Office, the Institutional Animal Care and Use Committee (IACUC) at the University of

Colorado School of Medicine, the Regierungsprasidium Karlsruhe, the UCL institutional ethics committee, or the National Council on
Animal Care of the Italian Ministry of Health.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atithentication-procedures for-each-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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