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Norepinephrine (NE) is a critical neuromodulator that dynamically

shapes brain states and behavior. Genetically encoded fluorescent NE
indicators have enabled in vivo visualization of NE release, yet their limited
sensitivity and spectral flexibility constrain widespread use in complex
experimental paradigms. Here we developed next-generation green and
red fluorescent NE indicators, named nLightG2 and nLightR2, respectively.
We systematically compared them to other state-of-the-art indicators

and found that both indicators improve the detection of endogenous NE
release across preparations. Using dual-color photometry, both nLightG2
and nLightR2 could reliably track physiologically relevant NE release along
with neuronal activity in different brain areas. Using two-photonimaging,

nLightR2 permitted simultaneous dual-color imaging of NE release and
astrocytic activity in the hippocampus, while nLightG2 enabled the
detection of spatiotemporally discrete NE release events in the visual cortex
of awake mice. Thisimproved toolkit will prove useful for dissecting the
spatiotemporal complexity of norepinephrine signaling in the brain.

Norepinephrine (NE) is a monoamine neuromodulator synthetized
andreleased throughout the central nervous system mainly by noradr-
energic neurons of the locus coeruleus (LC). NE signaling is critically
involved in a number of brain functions, including the regulation of
arousal’, sensory processing”, memory formation®, aversive learn-
ing® and stress responses™, as well as other higher-order cognitive
processes’ . Understanding the precise spatiotemporal dynamics
of NE release, and how these dynamics relate to neural circuit activity
across brain states and behavioral tasks, is an active area of research,
yet remains technically challenging.

Traditional analytical methods such as fast-scan cyclic voltam-
metry”?, microdialysis” and cell-based reporters (CNiFER cells'*) have

been used to monitor NE release in vivo. However, each technique
presents important limitations: fast-scan cyclic voltammetry lacks
catecholamine specificity, microdialysis offers poor temporal resolu-
tion, and cell-based reporters suffer from limited sensitivity. Moreover,
all these methods lack the spatial precision necessary to dissect NE
signaling in complex brain circuits.

Theadvent of genetically encoded fluorescentindicators (GEFIs)
has greatly advanced the field, enabling direct visualization of NE
release with high spatiotemporal resolution. Two main families of
NE-specific GEFIs have been developed: GRABy*'® and nLight",
based on the a2a or ala adrenergic receptors (A2AAR and A1AAR),
respectively. These indicators were engineered by fusing circularly
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permuted fluorescent proteins onto G-protein-coupled receptors
(GPCRs) ina conformationally sensitive manner. GEFIs are now increas-
ingly used to study NE dynamics in vivo during sleep'®, learning'>*°
and cognition®?%, Despite the transformative potential of NE-specific
GEFIs, their sensitivity remains a key limitation, constraining the scope
and reliability of in vivo applications. This is particularly evident for
red-shifted indicators, such as the first-generation red NE indicator
nLightRY, which, despite the theoretical advantages of red fluorescent
proteins including reduced phototoxicity*, deeper tissue penetra-
tion?* and compatibility with multiplexed imaging alongside green
indicators® 2’ and optogenetic tools*>*, has seen limited use due to
suboptimal performance.

Here, we present and comprehensively benchmark the next
generation of green and red NE indicators, nLightG2 and nLightR2,
respectively. Bothindicators display substantially enhanced brightness
and dynamic range compared to previous indicators, making them
robust and sensitive tools for tracking NE dynamics across diverse
brain regions and behavioral contexts. Using dual-color fiber pho-
tometry, we demonstrated precise temporal coupling between LC
activity and NErelease during sleep, as well as arobust detection of fear
learning-dependent modulation of NE release and local calcium activ-
ityinthe basolateralamygdala (BLA). Furthermore, nLightR2 enabled
dual-color imaging of NE release and astrocyte calcium dynamics in
the dorsal hippocampus (dHPC) during virtual navigation, highlight-
ing its utility for multiplexed studies of neuromodulatory functions.
Last, in vivo two-photon imaging of nLightG2 revealed with very high
sensitivity that NE signaling in the mouse visual cortex (VC) occurs
within spatiotemporally discrete microdomains.

Results

Development of the next-generation nLight indicators

We and others have shown that the fluorescent reporting domain of
GPCR-based GEFIs can, insome cases, be grafted onto target GPCRs of
choice for modular development of new indicators*. Following this
approach, we previously developed nLightG and nLightR" using report-
ing domains derived fromthe green and red fluorescent dopamine (DA)
indicators dLightl.3band RdLightl (ref. 33), respectively. Recent work**
resulted in improved variants of dLight1.3b (termed gGRABy,;,) and
RdLightl (termed rGRAB,;,,) withenhanced dynamic range and bright-
ness. Asequence alignment between RdLightl and rGRAB,;,, revealed
that theimprovement was due to five point mutations (T237C, Q248K,

H253M, L435S and A495H). Four of these mutations are located in the
fluorescent reporting domain of the indicator and thus fall within the
region grafted from RdLightl onto the spermwhale AIAAR (swA1AAR)
to generate nLightR (Extended Data Fig. 1a). Based on these observa-
tions, we hypothesized that some of these mutations might enhance
the performance of nLightR. We tested all 31 possible combinations
ofthefive point mutations on nLightR (M226C, Q237K, H242M, L424S
and A484H) to investigate the effect of the single mutations as well as
potential epistatic interactions. All 31 variants were well expressed
in HEK293T cells and localized predominantly at the plasma mem-
brane. Most (17 variants, 55%) responded with a higher dynamic range
than nLightR (change in indicator fluorescence (AF/F,) =187% + 5%,
mean * s.e.m.) tothe addition of 10 uM NE (Extended DataFig.1b). The
highest-performing variant was termed nLightR1.1and had adynamic
range of 690% +10% (mean + s.e.m.), which corresponds to a 3.7-fold
improvement compared to nLightR. nLightR1.1 harbored only three
(Q237K, H242M and A484H) rather than all five mutations present in
rGRAB,;,. Despite this, it showed a higher dynamic range than the
variant with all five point mutations (AF/F, = 415% + 9%, mean + s.e.m.).
Of note, the improvement in the indicator’s dynamic range seems to
be composed of a direct component mediated by individual point
mutations and an epistatic component (reflected in the variants com-
bining multiple mutations; Extended Data Fig. 1c). We then truncated
the C terminus of nLightR1.1by 55amino acids at position Q595 (Q370
in the wild-type receptor), a site at which truncation with retention
of conformational functionality was already achieved for a human
receptor homolog®. This truncated variant, which we termed nLightR2
(Fig.1a), was well expressed at the plasma membrane (Fig. 1b) and had a
significantly higher dynamic range than nLightR1.1(AF/F,=740% + 7%,
mean +s.e.m., P=7.87 x107%, two-tailed Student’s ¢-test with Welch’s
correction; Extended Data Fig. 1d). A comparison of the basal bright-
ness and surface expression levels (by N-terminal Flag staining) of
nLightR and nLightR2 in HEK293T cells revealed that nLightR2 has a
higher basal brightness and surface expression (Extended DataFig. 1e).
The apparent molecular brightness of the two indicator variantsinthe
NE-unbound state (measured by normalizing the basal brightness by
the expression level) did not significantly differ (P= 0.402, two-tailed
Student’s t-test with Welch'’s correction; Extended Data Fig. 1f). Con-
sequently, theimproved dynamicrange of nLightR2 can be attributed
to a higher brightness in the NE-bound state. We also engineered a
ligand-insensitive indicator by introducing the D129A point mutation

Fig.1|Invitro properties of the next-generation nLight indicators.

a, Structural model of nLightR2 generated using AlphaFold3 (ref. 72).

b, Representative images of nLightR2 transiently expressed in HEK293T cells
before (top) and after (middle) the addition of NE (10 pM) and the pixel-wise
heat map of the dynamic range (bottom). The fluorescence intensity profile
(expression) along the dashed white line is shown as a white inset in the topmost
image; scale bar, 10 um. The experiment was repeated four times with similar
results. ¢, Same asinabut for nLightG2.d, Same as inb but for nLightG2. The
experiment was repeated four times with similar results. e, Left, time trace of
the fluorescence response (mean + s.e.m) of nLightR or nLightR2 transiently
expressed in HEK293T cells showing activation by NE (10 pM) and inactivation
by Trz (10 pM). Right, quantification of average AF/F, following the addition
of NE (10 uM) and Trz (10 pM). Data were analyzed by two-tailed Students
t-test with Welch’s correction; n = 4 independent experiments with n = 28 cells
(nLightR2: **P=1.166 x 10 ; nLightR: ****P=3.028 x 10). f, Same asin e but
for nLightG, nLightG2 and GRABy;,,.. For the reversal of the GRAByg, signal,
the A2AAR-specific antagonist yohimbine (Yoh; 10 pM) was used. Data were
analyzed by two-tailed Student’s ¢-test with Welch’s correction. Data are from
fourindependent experiments with n = 28 cells (nLightG2: ****P = 5.635 x 1075;
nLightG:***P=4.793 x 10%; GRABy,: ***P =3.184 x107%). g, Representative
images of nLightR2 (left) and nLightG2 (right) expressed in primary cortical
rat neurons before and after the addition of NE (10 pM) and the pixel-wise heat
map of the dynamic range; scale bar, 40 pum. The experiment was repeated
four times with similar results. h, Left, time trace of the fluorescence response

(mean +s.e.m) of nLightR or nLightR2 (top left) and nLightG or nLightG2
(bottom left) expressed in primary cortical rat neurons showing activation

by NE (10 pM) and inactivation by Trz (10 pM). Right, quantification and
statistical comparison of average AF/F, following the addition of NE (10 pM)
and Trz (10 pM) for nLightR/nLightR2 (top right) and nLightR/nLightR2
(bottomright). Data were analyzed by Student’s t-test with Welch’s correction.
Dataare from four independent experiments with n = 4 ROIs (nLightR2:

#*4Pp =1.355 x 107%; nLightR: ***P = 3.199 x 10~%; nLightG2: ***P=3.552 x 10™%;
nLightG: ***P=4.633 x 107). i, Fluorescence dose-response curves of nLightR2
(top) and nLightG2 (bottom) for NE and DA when expressed in primary cortical
neurons. The data points were fitted with four-parameter dose-response curves
to determine the ECy, values. Data are from three independent experiments
with n =3 cells for nLightR2 with all concentrations of NE and DA, from three
independent experiments with n =5 cells (0.1nM,1nM, 10 nM, 100 nM, 1 uM,
10 pM, 100 pM and 1 mM) or n =3 cells (10 mM) for nLightG2 with NE or from
three independent experiments with n =3 cells (for 1 nM, 10 pM and 10 mM) or
n=4cells (10 nM,100 nM, 1 pM, 100 pM and 1 mM) for nLightG2 with DA.

J, AF/F,signal of nLightR2 following the application of NE (5 pM) to an outside-
out patch (HEK293T cell). NE was applied for 1 s by fast switching of a perfusion
pipette (blue shadow on the left). k, AF/F, signal changes of single patches with
nLightR2 and nLightG2 (average of four NE applications). ON and OFF kinetics
were approximated by single exponential fits (black lines). Average 7 values
are shown. 1, Quantified time constants (mean + s.d.) fromn =3 independent
experiments with n =8 (nLightR2) or n =11 (nLightG2) patches in total.
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in nLightR2 (refs. 36,37). The resulting indicator, which we named
nLightR2-ctr,showed no response to NE (10 pM) but good cell surface
expression (Extended Data Fig. 1g,h).

We then focused our attention on gGRABp,;,,, Which is built
from dLight1.3b with seven point mutations and an exchange of the
N-terminal secretory sequence’®*. Anamino acid sequence alignment
revealed that six of these seven point mutations are located within the
region grafted from dLight1.3b onto the swA1AAR when engineer-
ing nLightG (Extended Data Fig. 1i). We introduced these six point
mutations (S239N, N243Y, K260G, S338L, D441N and N444F) into
nLightG and tested the resulting indicator, termed nLightGl.1, in
HEK293T cells following the addition of NE (10 uM). nLightGl.1had a
dynamicrange of2,139% + 48%, corresponding to a 2.4-fold improve-
ment compared to nLightG (AF/F,=904% + 17%, mean + s.e.m.) and
one of the highest dynamic ranges described for any indicator of
this class so far (Extended Data Fig. 1j). Truncation of the 55 carboxy-
terminal amino acids at position Q594, analogously to nLightR2,
resulted inasmall but significantimprovement of the dynamic range
(AF/Fy=2,350% + 46%, mean + s.e.m., P=2.89 x 107, two-tailed Stu-
dent’s t-test with Welch’s correction; Extended Data Fig. 1j), and the
truncated variant, termed nLightG2 (Fig. 1c), was well expressed at
the plasma membrane (Fig. 1d). We then compared the expression
levels and basal brightness of nLightG2 in HEK293T cells to that of
its predecessor (nLightG) and another previously published'® NE
indicator (GRAByg,). Although the expression levels of all three indi-
cators are comparable, nLightG and nLightG2 have a higher apparent
basal brightness than GRABy,,, (Extended Data Fig. 1k). The apparent
molecular basal brightness (apparent basal brightness normalized
by expression level) of nLightG and nLightG2 does not differ signifi-
cantly (P=0.220, two-tailed Student’s t-test with Welch'’s correction;
Extended Data Fig. 1I). This indicates that the improved dynamic
range of nLightG2 can be attributed to an increased maximal bright-
ness. Of note, the apparent molecular basal brightness of nLightG2is
significantly higher than that of GRAByg,,, (P=5.918 x 10™*, two-tailed
Student’s t-test with Welch’s correction; Extended Data Fig. 11). Last,
we engineered a controlindicator (named nLightG2-ctr), which does
not respond to NE (10 pM), by introducing the D129A mutation into
nLightG2 (Extended Data Fig. 1m,n).

Invitro characterization of the indicators
Before testing nLightR2/nLightG2 in primary neurons, we performed
aninitial characterization in HEK293T cells focused on the dynamic

range, reversibility, specificity, sensitivity and spectral properties of
the indicators.

Fullreversibility of indicator activation and a high molecular speci-
ficity for theligand of interest are essential to accurately and specifically
report fluctuationsinligand concentrations. We transiently expressed
nLightR2 or nLightG2in HEK293T cells and showed thatindicator acti-
vationby NE (10 pM) is fully reversible using the small-molecule AIAAR
antagonist trazodone (Trz; 10 uM; Fig. 1e,f). The same experiment was
performed for the best previously published red and green fluorescent
NEindicators (nLightR, nLightG and GRABy;,), showcasing the supe-
rior dynamic range of the improved indicators. To reverse the signal of
GRABy,m, Which is based on the A2AAR subtype, we used yohimbine
(10 uM) instead of Trz. Next, we characterized the specificity profiles
of nLightR2/nLightG2 by measuring the dynamic range following the
application of a panel of nine small-molecule neurotransmitters (NE,
DA, serotonin, y-aminobutyric acid, histamine, glutamate, acetylcho-
line, adenosine and epinephrine) at a final concentration of 10 uM
(Extended DataFig.2a,b). Except for DA (partial agonist) and epineph-
rine (not presentin the brain), none of the tested molecules triggered
asubstantial fluorescent response. The selectivity for NE over DA was
further determined by measuring the half-maximal effective concen-
tration (ECy) values of NE and DA for nLightR2 (ECs, g, = 821 £ 48 nM;
ECso on) = 24.4 £ 1.8 pM; mean + s.e.m.; Extended Data Fig. 2c) and
nLightG2 (ECyso g = 1,078 £ 45 nM; ECyo pp) =46.9 £ 9.0 tM; mean = s.e.m.;
Extended Data Fig. 2d) in HEK293T cells stably expressing the indi-
cators. For comparison, we measured the EC;, values of NE and DA
for GRABy,, Using the same experimental approach and found that
GRAByg2m (ECsong) = 1,272 £ 73 nM; ECs oy = 20.9 £ 9.0 pM; mean + s.e.m.;
Extended Data Fig. 2e) has a lower selectivity for NE over DA than
nLightG2. This is further pronounced by the fact that the relative
ligand efficacy (E,,,,) for DA versus NE is lower for nLightG2 (E,,,., pa)/
Erax np): 34.4% £1.6%, mean £ s.e.m.) than for GRABygsm (Ennax on)/
Enaxovpy: 53.8% £ 0.6%, mean + s.e.m.). To show that the next-generation
indicators detect low concentrations of NE more robustly than previ-
ously available ones, we measured the fluorescent change of nLightG,
nLightG2 and GRABy,,,, or nLightR and nLightR2 following exposure
to100 nM NE (Supplementary Fig. 1a,b).

Chromophore protonationand deprotonation due to pH changes
could theoretically modulate the fluorescence intensity of GEFls and
cause artifacts. To investigate this, we measured the fluorescent
response of nLightG2 and nLightR2 to 10 pM NE at five different pH
values (6, 6.5, 7, 7.5 and 8) and did not see a significant difference in

Fig. 2| Benchmarking NE indicators ex vivo with two-photon microscopy.

a, Experimental schematic showing viral expression of nLightR/nLightR2 in the
LH and two-photon (2P) imaging of exogenous NE application by iontophoresis
(lonto) inex vivo brain slices (top). Example two-photon spot photometry
traces showing the time course of changes of nLightR/nLightR2 fluorescence
(AF/F,) evoked by NE iontophoresis (ejection currents: 20 and 200 nA, duration:
100 ms; bottom). b, Summary of peak nLightR/nLightR2 AF/F,evoked by NE
iontophoresis using different ejection currents (duration: 100 ms); nLightR:n=9
slices from three mice; nLightR2: n =11slices from three mice; data are presented
asmean s.e.m. (F,,,=118.4, P=7.37 x 1077, two-way ANOVA: ***P=9.80 x 107,
t,="5.12;""*P=1.62x107, t,,=4.99;***P=3.02x10°°, t,, = 5.42; ***P=112x107,
t;, = 6.23; Sidak’s multiple comparisons test). ¢, Example 3D surface plots
showing peak nLightR/nLightR2 AF/F,evoked by NE iontophoresis across 20- to
200-nA ejection currents (duration: 100 ms). d, Spatial profiles of averaged
(¢s.e.m.shaded) nLightR (top) and nLightR2 (bottom) AF/F,fitted using a
Gaussian function evoked by NE iontophoresis; nLightR: n = 5slices from two
mice; nLightR2: n=7slices from two mice. e, Experimental schematic showing
two-photonimaging of endogenous NE release evoked by electrical stimulation
(eStim; 5 x40 pA,1msat40 Hz) in LH brain slices (left), average (+s.e.m. shaded)
nLightR/nLightR2 AF/F, measured across FOV (30 x 40 pm; middle) and
summary of peak AF/F, (right); nLightR: n =10 slices from two mice; nLightR2:
n=15slices from three mice; data are presented as mean + s.e.m. (**P=0.0019,
U=21, two-tailed Mann-Whitney U-test). f, Example 3D surface plots showing

peak nLightR (left) and nLightR2 (right) AF/F,evoked by electrical stimulation.
g, Summary of area of nLightR/nLightR2 AF/F, evoked by electrical stimulation,
exceeding 2.50 of baseline signal; nLightR: n =10 slices from two mice; nLightR2:
n=15slices from three mice; data are presented as mean + s.e.m. (***P=0.0003,
U=14, two-tailed Mann-Whitney U-test). h, Same asin a for nLightG/nLightG2.

i, Summary of peak nLightG/nLightG2 AF/F, evoked by NE iontophoresis (duration:
5ms); nLightG: n =14 slices from three mice; nLightG2: n=10slices from three
mice; data are presented as mean + s.e.m. (F, gg = 98.14, P=5.59 x 107, two-way
ANOVA: **P=0.0025, tgs=3.55;***P=1.31x 108, t5s = 6.58;***P=1.32x1072,

tgs = 8.56; Sidak’s multiple comparisons test). j, Same as in ¢ for nLightG/
nLightG2.k,l, Same asind and e for nLightG/nLightG2; nLightG: n =7 slices

from two mice; nLightG2: n = 7 slices from two mice; data are presented as

mean +s.e.m. (*P=0.0012, U=1, two-tailed Mann-Whitney U-test). m, Example
3D surface plots showing peak nLightG (left) and nLightG2 (right) AF/F,evoked
by electrical stimulation. n, Same as in g for nLightG/nLightG2 (**P=0.0012,
U=1, two-tailed Mann-Whitney U-test). 0, Example nLightG2 and nLightR2 AF/F,
traces inresponse to NEiontophoresis (ejection current: 100 nA, duration: 10 ms;
left) and averaged traces (+s.e.m. shaded) normalized to peak AF/F, (right);
nLightG2: n =7 slices from two mice; nLightR2: n =15slices from three mice.

p, Comparison of temporal kinetics of nLightG2 and nLightR2 in response to

the sameiontophoretic application of NEas in 0 (tox: P = 0.49, U = 42; half-width:
P=0.78,U=48; 1o;: P=0.30, U=37). Data are presented as mean + s.e.m. and
were analyzed by two-tailed Mann-Whitney U-test; NS, not significant.
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the dynamicrange (nLightG2: P=0.318; nLightR2: P= 0.480; one-way
analysis of variance (ANOVA); Supplementary Fig. 1c-h).

The spectral properties of anindicator areimportant for optimal
excitation, signal detection and multiplexing. One-photon spectra of

nLightR2and nLightG2 expressed in HEK293T cells revealed excitation
maxima at 562 nm/498 nm and emission maxima at 594 nm/514 nm
in the saturated state (Extended Data Fig. 2f,g). The excitation wave-
lengths for which the fluorescence emission is not modulated by NE
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binding (that is, the isoemissive points) range from 395 nm to 415 nm
for nLightR2 and 412 nm to 413 nm for nLightG2. Two-photon excita-
tionspectraoftheindicators revealed amaximal performance (given
by the ratio of the two-photon brightness in the saturated versus
NE-free (apo) state) at excitation wavelengths ranging from 1,020 nm
to 1,120 nm for nLightR2 and from 910 nm to 980 nm for nLightG2
(Extended DataFig. 2h,i).

Based on the promising results in HEK293T cells, we then
tested our next-generation indicators in primary rat cortical neu-
rons. nLightR2 and nLightG2 expressed well in neurons transduced
with recombinant adeno-associated viruses (rAAVs) encoding the
indicators under the control of the human synapsin 1 (hSyn) pro-
moter (Fig. 1g). The activation of both indicators by NE (10 pM) can
be fully reversed with Trz (10 pM) in neurons (Fig. 1h). A compari-
son of the dynamic range between nLightR and nLightR2 or nLightG
and nLightG2 in neurons indicated a 2.8-fold improvement for
nLightR2 and a 2-fold improvement for nLightG2 following the addi-
tion of NE (10 uM; Fig. 1h). As observed previously for other indi-
cators, the dynamic range of nLightR2 (AF/Fy neurons = 349% + 14%,
AF/Fyueaost = 732% + 8%, mean £ s.e.m.) and nLightG2 (AF/F neurons =
1,655% + 24%, AF/F g ex0sr = 2,319% + 51%, mean + s.e.m.) is lower in pri-
mary rat cortical neurons thanin HEK293T cells. In primary neurons,
the ECy, of NE and DA for nLightR2 (ECsg () = 837 £138 nM; ECyg (pa) =
26.8 +7.1 pM, mean + s.e.m.) and nLightG2 (ECsq ) = 766 + 142 nM;
ECso(pn) =24.0 £ 5.3 pM, mean * s.e.m.) indicated a 32-fold and 31-fold
selectivity for NE, respectively (Fig.1i). However, the apparent selectiv-
ity of both indicators is further increased by the lower efficacy (E,,,,)
of DA than NE, which can be accounted for by calculating the ratio
of E,.o/ECso, referred to as S, (refs.38,39) or S-slope*’. The maximal
efficacy of DA compared to NEin neurons is 21% for nLightR2 and 38%
for nLightG2. A comparison of E,,,,,/JECs, for DA versus NE in neurons
resultsinanapparent selectivity of152-fold for nLightR2 and 82-fold
for nLightG2.

Although a good sensitivity (ECs,) and signal-to-noise ratio are a
prerequisite for robust sensing, the temporal resolution is important
to accurately report changes in ligand concentration within the physi-
ologically relevant timescales. To precisely investigate the activation/
inactivation kinetics of nLightG2 and nLightR2, we used patch-clamp
fluorometry onoutside-outmembrane patches of indicator-expressing
HEK293T cellsin combination witha double-barreled perfusion pipette
andapiezoelectric actuator for rapid solution switching between 0 uM
and 5 uMNE. Inthis setup, nLightG2 and nLightR2 exhibited subsecond

activation and deactivation kinetics (nLightR2: 7,, =52+ 9 ms and
T = 646 + 124 ms; nLightG2: 7., = 66 + 7 ms and 7, =431+119 ms;
mean +s.d.; Fig.1j-1).

GPCR-based GEFIs should not couple to downstream signal-
ing pathways by interaction with G proteins or -arrestins to avoid
cross-talk with the physiological signaling processes of the host cells.
Totestif ourindicators trigger anintracellular calciumincrease by cou-
plingto the G, protein pathway (which naturally couples to A1AARs),
we coexpressed nLightR2 or nLightG2in HEK293T cellstogether with
the calciumindicator GCaMPé6s* orjRGECO1a*, respectively. Activa-
tion of the GPCR-based indicators by NE (10 pM) did not trigger ameas-
urableincreaseintheintracellular calcium concentration. By contrast,
control experiments with the wild-type GPCR (swA1AAR) resulted in
clear signals of the two calciumindicators (Extended Data Fig. 3a-d).
This finding was confirmed and strengthened by asplit nano luciferase
(NanoLuc) complementation assay*’ investigating the recruitment of
mini-G proteins (mini-G/mini-G,,/mini-G4***’) and p-arrestin2 (ref. 46;
Extended DataFig.3e). Stimulation by NE (10 pM) induced significantly
stronger recruitment of all three mini-G-protein classes (mini-G,,,
mini-G,, mini-G) to the wild-type swA1AAR than to nLightG2/nLightR2
(Students t-test with Welch’s correction: mini-G,, and swA1AAR
versus nLightG2 (***P=4.602 x 107) or nLightR2 (***P=4.322 x107)
mini-G, and swAIAAR versus nLightG2 (****P=1.568 x107°) or
nLightR2 (****P=1.802 x 107%); mini-G,; and swA1AAR versus
nLightG2 (****P=2.307 x107°) or nLightR2 (***P=6.508 x107*);
Extended Data Fig. 3f,g). We used the same NanoLuc complementa-
tion assay to study the recruitment of B-arrestin2 following receptor/
indicator activation by replacing the mini-G protein with -arrestin2.
Duetoinconclusive informationin theliterature regarding B-arrestin2
recruitment to the AIAAR subtype, we used GLPIR, previously estab-
lished in our hands, as a positive control instead* . Stimulation
of GLPIR with GLP-1 (100 nM) resulted in a significantly stronger
luminescence increase than stimulation of nLightR2 and nLightG2
with NE (10 pM), indicating minimal recruitment of B-arrestin2 to
the indicator following activation (B-arrestin2 and GLPIR versus
nLightG2 (***P=1.418 x107'°) or nLightR2 (***P = 6.026 x 10™);
Extended DataFig. 3f,g).

Overexpression of GPCR-based GEFls in vivo could potentially
lead to buffering of chemical neurotransmission, as ligand mol-
ecules are sequestered by indicators near the plasma membrane,
thereby reducing the ligand concentrations perceived by endoge-
nous receptors. To investigate this, we measured the NE-induced,

Fig. 3| Benchmarking NE indicators in vivo with fiber photometry.

a-c, Injection scheme (a) and histological verification of nLightR2 expression
inthe dHPC (b) and ChR2 expression in the LC (c). Data for the brain schematics
obtained fromref. 73 under a Creative Commons license CC BY 4.0. Datainb and
cwere repeated independently five times with similar results. d, Color-coded
heat maps of z-scored AF/F, of nLightR2 in the dHPC following optogenetic
activation of the LC. The blue bar indicates the duration of optogenetic
stimulation. e, Mean * s.e.m. of z-scored indicator fluorescence in the dHPC
(top) and relative pupil diameter (bottom) in exemplary mice expressing
nLightR2 (left), nLightR (center) and nLightR2-ctr (right). Blue bars indicate
optogenetic LC stimulation (n =15trials for nLightR2 and nLightR, n = 50 trials
for nLigthR2-ctr). Iso., isoemissive. f, Mean + s.d. of optogenetically evoked
indicator fluorescence (left) and pupil dilation (right) of animals expressing
nLightR2 (n = 6 animals), nLightR (n = 4 animals) and nLightR2-ctr (n = 3 animals).
Data were analyzed by one-way ANOVA with a Tukey’s test: nLightR2 versus
nLightR (P=0.05), nLightR2 versus nLightR2-ctr (*P = 0.024) and nLightR versus
nLightR2-ctr (P=0.80).g,h, Experimental schematics for nLightG2, nLightG
and GRABy,, viral injections in the pBLA. i, Behavioral task design for the

cued fear conditioning paradigm, consisting of a baseline (BL) session with 20-s
tone cues, an association (AS) session with the same tone cues co-terminating
with1-s footshocks and a re-exposure (RE) session with tone cues only in the
absence of footshocks (n of trials in each session is 10).j k, Baseline session.

Jj, Heat maps showing trial-averaged z-score fluorescence responses across the

ten tone trials for nLightG2 (top), nLightG (middle) and GRAB ., (bottom)
inthe pBLA.k, Corresponding mean +s.e.m. z-score fluorescence traces for
nLightG2 (green), nLightG (gray) and GRAByg,,, (blue).l,m, Association session.
1, Heat maps of trial-averaged z-score fluorescence responses for each indicator
type during ten tone-footshock pairings. m, Corresponding mean +s.e.m.
traces showing tone-evoked activity (0- to 20-s tone) co-terminating withal-s
footshock. n,0, Re-exposure session. n, Heat maps of trial-averaged z-score
fluorescence responses for each indicator type during ten tone presentations.
0, Corresponding mean + s.e.m. traces for tone-evoked responses (0- to 20-s
tone) in the absence of footshock. Dashed vertical lines mark cue onset and
footshock timing. p, Quantification of CS-evoked peak z-score responses in
nLightG2, nLightG and GRABy;,,, mice across all conditions (baseline, association
and re-exposure). Data were analyzed by two-way ANOVA (P, = 0.0037;
Pindicarortype = 0.0121), post hoc Tukey’s comparisons (baseline: Py ignecaversus ntightc =
0.0460, Pyighicaversus crasne2m = 0-1163, Priighiversus crasnezm = 0.9002; association:
Prtigniczversus ntightc = 0-0129, Priighicaversus Gragyezm = 0-0061, Priignic versus GraBNE2m =
0.9553; re-exposure: Py ignicaversus ntignic = 0-0318, Priignicaversus crasnezm = 0.0161,
PoightGersus rapnezm = 0.9574). q, Quantification of footshock-evoked peak z-score
responses in nLightG2, nLightG and GRABy;,,,, mice (Welch’s one-way ANOVA:
P=0.0002; post hoc Dunnett’s T3 comparisons (two-sided): Py ighecaversus ntightc =
0.0002, PyjighiGaversus crasnezm = 0-0270, PyiighiGyersus crasneam = 0.1096; nLightG2, n =5
mice; nLightG, n = 5mice; GRABy,,,, n =5 mice); WT, wild-type.
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concentration-dependent recruitment of mini-G, proteins to the
wild-type A1AAR in the presence or absence of nLightG2 or nLightR2
using the split NanoLuc complementation assay described above. No
significant difference in the dose-dependent mini-G,, recruitment to
the wild-type A1AAR could be observed in the presence of nLightG2,
nLightR2 or OxLight1 (ref. 51), a GPCR-based GEFI that does not bind
NE (one-way ANOVA; P= 0.341; Supplementary Fig. 1i).

Some red genetically encoded indicators (for example, the
cpmApple-based jRGECO1a** and RdLight*?) are known to exhibit
photoswitching following exposure to blue light*® (see explana-
tion and experimental design in Extended Data Fig. 4a-c). We thus
evaluated positive and negative photoswitching as well as pho-
tobleaching by imaging nLightR2-transfected HEK293T cells at a
high frame rate (-75 Hz) using a confocal spinning-disk microscope.
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We normalized the positive photoswitching effect of 488-nm light
to the ligand response (NE, 10 pM). In both the apo- and NE-bound
states, 488-nm light (30 mW mm™) increased nLightR2 fluorescence
(Extended DataFig.4d,e).Inboth states, the positive photoswitching
reached a plateau during 400 ms, whereas passive relaxation took
about 1storeturn to baseline (Extended Data Fig. 4f), whichisinline
with previously reported in vivo observations using RdLight*”>. When
comparing prolonged exposure to high-power (30 mW mm™) 560-nm
light, both jJRGECO1a and nLightR2 showed a combination of fast (in
the order of milliseconds) and slow decay (in the order of seconds;
Extended Data Fig. 4e-h). Given that 560-nm light leads to both fluo-
rescence excitation and negative photoswitching, we speculated that
the fast component is not caused by irreversible photobleaching but
rather by reversible negative photoswitching. To test that, weimaged
nLightR2-expressing cells with the same high-power 560-nm light
but alternating it with a 30-s-long period with no light. Even though
the absolute fluorescence decreased over the course of the image
blocks, every time a new block started, we observed the fast decay
(Extended Data Fig. 4i). When correcting the traces for photobleaching
using a second-degree exponential fit, the fast decay amplitude was
similar in each block suggesting that indeed this decay is reversible
negative photoswitching (Extended Data Fig. 4i,j).

Ex vivo benchmarking of the indicators

To obtain a direct side-by-side comparison of our indicators with the
original parentindicators, we probed their performanceinacute brain
slices using two-photon microscopy (Fig. 2a). The indicators were virally
expressed inthelateral hypothalamus (LH) by stereotaxic injection of
hSyn promoter-driven AAV 3-4 weeks before slice preparation. First,
we focused on the benchmarking of nLightR2 versus nLightR and meas-
ured AF/F,evoked by exogenous NE, applied to the slice by iontophore-
sis (Fig. 2a-d). Short pulses (5 ms) of NE, ejected from the iontophoretic
pipette by small (20-nA) and large (200-nA) currents, evoked rapid
increasesinboth nLightR and nLightR2 fluorescence (Fig. 2a). The peak
AF/Fyresponses of nLightR2 fluorescence were significantly larger than
those of nLightR for all ejection currents (P < 0.0001; two-way ANOVA
with Sidak’s multiple comparisons test; Fig. 2b). The spatial properties
of NEdetectionby nLightR2 were also noticeably improved compared

tonLightR (Fig.2c,d). lontophoresis of NE evoked bright AF/F,signals
(Fig. 2c), which were modeled using a Gaussian curve (Fig. 2d), dem-
onstrating that even the smallest application of NE could be spatially
quantified using the improved nLightR2 indicator. Next, we meas-
ured endogenous NE release inthe LH evoked by electrical stimulation
(Fig.2e-g). Trains of electrical stimuli (5 x 40 pA) evoked slow increases
of nLightR and nLightR2 fluorescence, which were significantly larger
in amplitude when measured using the improved nLightR2 indicator
(P=0.0019, two-tailed Mann-Whitney U-test; Fig. 2e). In addition, the
area of nLightR2 AF/F, exceeding a threshold, defined as 2.5 stand-
ard deviations (o) of baseline signal, was significantly larger than that
detected using nLightR, demonstrating its improved ability to spa-
tially quantify endogenous NE release (P=0.0003, U =14, two-tailed
Mann-Whitney U-test; Fig. 2f,g). Next, we compared the green NE indi-
cators nLightG and nLightG2 (Fig. 2h). Application of exogenous NE
byiontophoresis produced fluorescence responses that were larger in
amplitude when measured using nLightG2 across a range of ejection
currents (P < 0.0001; two-way ANOVA with Sidak’s multiple compari-
sons test; Fig. 2h,i). Moreover, the spatial properties of exogenous NE
signals could be better detected using theimproved nLightG2 indicator
(Fig.2j,k). Finally, we compared endogenous NE measurements using
the green indicators (Fig. 21). Changes in fluorescence responses to
endogenous NE release elicited by trains of electrical stimuli (5 x 40 pA)
were significantly larger inboth peak amplitude (P=0.0002, two-tailed
unpaired t-test; Fig. 21) and area (>2.50 of baseline signal; P= 0.0003,
two-tailed unpaired ¢-test; Fig. 2m,n) when measured using nLightG2
compared to nLightG. A side-by-side comparison of the indicators
inresponse to the same puff (10 ms) of iontophoretically applied NE
revealed that the two indicators have similar kinetics when expressed
and imaged in brain tissue (Fig. 20,p). Overall, these benchmarking
experiments demonstrate that both nLightR2 and nLightG2 permit
two-photon imaging of NE release with largely improved sensitivity
over the parentindicators.

Invivo performance of the next-generation nLight indicators

To establish the improved performance of the indicators in vivo, we
started by benchmarking nLightR2 to nLightR with tail lift (TL) experi-
ments, a behavioral paradigm that leads to strong and rapid release

Fig. 4 |nLightG2 and nLightR2 are suitable to study NE release and neuronal
activity via dual-color fiber photometry invivo. a, Surgery schematics for
sleep experiments. Dbh-iCre mice were injected in the LC with a virus mix to
coexpress jGCamp8fand nLightR2 or the mutated (NE-insensitive) nLightR2-ctr.
b, Injected mice were implanted with two EEG electrodes (frontal and parietal + a
ground over the cerebellum) and two EMG electrodes (for polysomnographic
monitoring of sleep-wake behavior) and with an optic fiber over the LC (for
dual-color fiber photometry). ¢, Representative anatomical verification of fiber
location (dotted lines, left) and viral expression (middle and right). Middle,
micrographs from a mouse co-injected withjGCaMP8f and nLightR2. Right,
same for amouse co-injected withjGCaMP8f and nLightR2-ctr. Zoom-ins show
individual colors and overlay. These anatomical verifications were performed
for three of seven nLightR2-injected mice and for two of four nLightR2-ctr-
injected mice from which the datain d-i were obtained. d, Representative traces
of LC dual-color fiber photometry recordings showing jGCaMP8f and nLightR2
signals (zscored) during undisturbed NREM sleep. From the top, vertical bars
highlighting scored vigilance states (wake, NREM sleep), time-frequency
spectrogram of EEG activity and EMG, nLightR2 (zscored) and jGCaMP8f
(zscored) signals. e, As ind for nLightR2-ctr. f, Mean + s.e.m. for nLightR2 and
jGCamp8fz-scored signals around peaks of LC activity during consolidated
NREMsleep (1,264 peaks, n =7 mice). g, Asin ffor nLightR2-ctr (1,285 peaks, n =4
mice). h, Swarm plots of peak values (means taken for +10 s around the LC peak)
for nLightR2 (n =1,264 total detected peaks) and nLightR2-ctr (n =1,285 total
detected peaks) fluorescence; P=4.0 x 10, two-sided Mann-Whitney U-test.

i, Swarm plots of cross-correlations between the z-scored nLightR2 or nLightR2-
ctr signal with the jGCaMP8f signal around peaks of LC activity (means taken

for +10-s lags around O-s lag) during consolidated NREM sleep; P=3.6 x 10727,

two-sided Mann-Whitney U-test with n =1,264 for nLightR2 and n =1,285 for
nLightR2-ctr. j, Surgery schematics for cued fear conditioning experiments.
Wild-type mice were injected in the aBLA with an rAAV mix of PinkyCaMP and
nLightG2 or the NE-insensitive nLightG2-ctr. A fiber was implanted to record
those indicators simultaneously. k, Same as in ¢ but for PinkyCaMP + nLightG2
or nLightG2-ctr; scale bar, 1,000 um (overview image) and 20 um (magnification
images). Images were repeated independently ten times with similar results.

1, Cued fear conditioning behavioral setting to create an association between an
aversive US (1-s-long mild footshock) and a neutral CS (20-s-long tone).

m, Heat maps showing the mouse average per trial (rows) of a 65-s interval
during CS presentations (ten trials) during baseline and re-exposure sessions for
mice coexpressing either PinkyCaMP and nLighG2 (n = 8 mice) or PinkyCaMP
and nLighG2-ctr (n =4 mice). For simplicity, only nLightG2-ctr heat maps are
shown. n, Mean PinkyCaMP z-score traces s.e.m. (n = 8 mice) of an 85-sinterval
during CS presentation in baseline and re-exposure sessions. 0, Comparison

of mean +s.e.m. z-score nLightG2 (n = 8 mice) and nLightG2-ctr (n =4 mice)
traces in the same time interval and sessions as inn. p, z-Score peaks during CS
presentation (average of ten trials per mouse) in both baseline and re-exposure
sessions. The aBLA neuronal activity (PinkyCaMP) triggered by tone (CS)
increased after memory association (P=0.0421, two-tailed paired ¢-test). NE
release (nLightG2) triggered by the CS also increased after memory association
(P=6.791x107, two-tailed paired t-test), whereas no change was seen in the
nLightG2-ctr zscore across sessions (P = 0.5832, two-tailed paired ¢-test).

q, Same as inmbut for the association session. The yellow square represents the
US presentation. r, Same as in n but now comparing PinkyCaMP and nLightG2
signals during the association session. s,t, Same asin g and r, respectively, but
now comparing PinkyCaMP to nLightG2-ctr signals.
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of NE (Extended Data Fig. 5a,b). As expected, nLightR2 outperformed
nLightR, revealed by a higher peak AF/F, (P=0.008, two-way-ANOVA:
variant x event interaction; Extended Data Fig. 5c) as well as area
under the curve during the TLs (P=5.047 x 107, two-tailed t-test;
Extended Data Fig. 5d,e). We then used optogenetics to trigger NE
release and compare the sensitivity of nLightR2 to both its predecessor
andthe NE-insensitive nLightR2-ctrinvivo. We injected rAAV2/rAAV9
encoding for either one of the indicators into the left dHPC of Dbh-cre

mice (Fig. 3a). In addition, we injected rAAV2/rAAV9 encoding Cre
recombinase-dependent channelrhodopsin-2 (DIO-ChR2-eYFP) into
the LC of the same hemisphere (Fig. 3b,c), allowing for optogenetic
stimulation of LC-NE neurons. A few weeks after surgery, we performed
fiber photometry recordings from the dHPC of mice head-fixed on a
linear treadmill, while simultaneously monitoring the pupil diameter
of the animal, which is tightly coupled to the evoked release of NE**,
Following optogenetic stimulation of the LC, we observed a robust
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increase of fluorescence in animals expressing nLightR2 when excit-
ing the indicator at 555/30 nm (Fig. 3d). This signal was accompanied
by pupil dilation and was absent in the isoemissive control channel
(Fig. 3e). Averaged, z-scored responses differed across conditions
(Fig. 3f; F=6.49, P=0.016, one-way ANOVA), with nLightR2 responses
significantly exceeding responses observed with the control indica-
tor nLightR2-ctr (3.99 + 2.07 s.d. versus 0.56 + 0.26 s.d., n = 6/3 mice;
P=0.024, Tukey’s test), which was not the case when using nLightR
(1.31£0.72s.d.; P=0.80, Tukey’s test against nLightR2-ctr). Impor-
tantly, no differences across indicators were detected when exciting
themat405 nm (F=2.35,P=0.15,one-way ANOVA), while the absence
of differencesin pupil dilation (F=0.32, P= 0.73, one-way ANOVA) indi-
cated comparable levels of optogenetic LC activation across groups.
Hence, we demonstrated monitoring of optogenetically evoked NE
release in the dHPC using nLightR2, which was not possible using its
predecessor nLightR.

In our previous work, we demonstrated the robust detection of
optogenetically evoked NE release in vivo using the green indicator
nLightG". To evaluate the in vivo performance of nLightG2 and com-
pare it directly to that of the previously available indicators nLightG
and GRABy;,,,, we decided to adopt abehavioral paradigm designed to
capture more subtle NE dynamics in freely moving animals. We used
a cued fear conditioning task while recording NE release using fiber
photometryinthe posterior BLA (pBLA; Fig. 3g-i). Inthis paradigm, an
initially neutral conditioned stimulus (CS; tone cue) is paired with an
aversive unconditioned stimulus (US; mild footshock) that naturally
elicits fear expression, whichinrodents is typically shown as freezing
behavior (that is, complete absence of motion except breathing) and
is expected to be accompanied by NE release in the amygdala®*°, After
conditioning, presentation of the CS alone sufficiently evokes fear
expression®’. Four to six weeks following rAAV-mediated expression
of the indicators in the pBLA, we used fiber photometry to record
indicator fluorescence during abaseline session (with CS presentations
only), association session (with CS and US pairing) and re-exposure
session (with CS presentations only; Fig. 3i). Throughout the different
phases of the task, all three indicators were able to detect NE release
in response to the CS and US. However, nLightG2 exhibited higher
overall signal amplitudes across all sessions (Fig. 3j—q). A two-way
ANOVA was conducted on the peak z-score responses time-locked
to the CS (CS-triggered peaks) to evaluate how indicator type and
task session influenced the magnitude of NE release during learn-
ing. This analysis revealed significant main effects of the task session

(P=0.0037), suggesting that the stage of learning influenced NE
release as anticipated in an aversive learning paradigm and of the
indicator type (P=0.0121), indicating overall differences in the sen-
sitivity among the indicators. Post hoc Tukey’s comparisons showed
that nLightG2 exhibited stronger peak responses to CS presenta-
tion than both nLightG and GRABy,,, across the sessions (baseline:
PnLightGZ versus< em>PnLightG = 00460' PnLightGZ versus GRABNE2m — 01163'
PnLightG versus GRABNE2m — 0'9002; association: PnLightGZ versus nLightG —
00129r PnLightGZ versus GRABNE2m = 00061' PnLightG versus GRABNE2m = 09553r
re-exposure: Poignicaversus ntighic = 0-0318, Priignica versus rasream = 0-0161,
PotigheG versus Granezm = 0.9574; Fig. 3p). These results demonstrate the
superior sensitivity of nLightG2 in detecting cue-evoked NE release
before, during and after associative learning. Additionally, the
footshock-evoked nLightG2 peak signals were significantly larger than
those of nLightG (Dunnett’s T3 comparisons: P=0.0002) and GRAB ¢,
(P=0.0270), indicating that nLightG2 detects NE release following
aversive stimuli withimproved sensitivity (Welch’s ANOVA, P=0.0002;
Fig.3q; n=5mice; nLightG, n =5 mice; GRABy,,, n =5mice).

To test whether the expression of the indicator could affect fear
learning by buffering NE and interfering with its endogenous signal-
ing, we used DeepLabCut (DLC) pose estimation software™ to per-
formsupervised video-based analysis of freezing behavior in animals
expressing nLightG2 versus the NE binding-incompetent version of
the indicator (nLightG2-ctr) in the pBLA (Supplementary Fig. 2a-c).
Amixed-design ANOVA revealed a significant main effect of session (for
full postsound epoch: P=1.90 x 1075; for CStrials: P=1.73 x 10 %) but no
significant effect of indicator type (P=0.688) or condition x indica-
tor interaction (P=0.810). Post hoc Wilcoxon analysis showed that
freezing behavior increased significantly across sessions (re-exposure
versus baseline: P= 0.0117; re-exposure versus association: P= 0.0117
for both full postsound epoch and CS trials only), consistent with fear
learning (Supplementary Fig. 2d,e). These results suggest that the
observed behavioral changes were driven by conditioning and were
notinfluenced by indicator expression.

Invivo multiplexed detection of NE and neural activity

NE is released during both wakefulness and sleep*’. To see whether
nLightR2 could faithfully report on the variable dynamics of NE release
across states of sleep and wakefulness, we focused on non-rapid eye
movement (NREM) sleep. In this state, LC neurons generate vigorous
activity surges roughly every ~-50 s that arerelevant for sleep architec-
ture and arousability'®*°. These activity surges vary in amplitude and

Fig. 5| Simultaneous two-photonimaging of local NE release and astrocytic
calcium dynamics in awake mice during virtual navigation. a, Simultaneous
two-photonimaging was performed in head-fixed mice navigating a virtual
corridor to collect water rewards delivered at 85 cm from the start of the corridor.
b, Schematic of the HPC highlighting the imaged region (pink and green),
indicating the expression of nLightR2 (neurons) and GCaMPé6f (astrocytes)
inthe pyramidal layer. ¢, Representative images showing nLightR2-labeled
neurons (left, magenta) and GCaMPé6f-labeled astrocytes (middle, green)
inthe CAlpyramidal layer. Images are normalized fluorescence intensity
(F.orm) Projection of recorded ¢-series, and contrast has been adjusted to aid
visualization. nLightR2 and GCaMPéf signals were simultaneously imaged in
thered and green channels, respectively, using the excitation wavelengths (A.,)
indicated in the figure. White lines on the images indicate ROIs (for nLightR2,
we show only 16 square ROIs in close proximity to one astrocyte, square ROl size
~17 um x 17 pum (ref. 37); for GCaMPé6f, anatomically defined ROIs are as in ref.
63).Right, the two images on the left are shown overlaid; scale bars, 50 pm; AU,
arbitrary units. d, Representative functional traces of nLightR2 and GCaMPé6f
fluorescence extracted from the ROIs shown in c. Markers indicate either run
(gold) or reward (teal) behavioral epochs. Traces ind have been smoothed with
a500-msrolling mean filter. e, Event-triggered averages showing mean AF/F,
of nLightR2 signal when the mouse started to run (Run, start of running bout at
t=0s)forallthe ROIs identified in c. f, Bottom left triangle, correlation (corr.)
matrix for all traces extracted from the ROIs displayed in e. Top right triangle,

corresponding hierarchical clustering. g,h, Same as in e and f, but for event-
triggered averages following animals crossing the reward position (Reward,
crossingtime att=0s).i-1, The same metrics as in e-hbut referring to AF/F,
computed for astrocytic ROIs and astrocytic GCaMP6f signals. m, Maximum
AF/F,of GCaMPéf event-triggered average traces for astrocytic ROIs expressed
as afunction of the maximum AF/F, of nLightR2 event-triggered average
recorded in the nLightR2 ROl nearest to the considered astrocytic ROl during
either the run (gold) or reward (teal) behavioral epoch (P=0.030 and P= 0.326
for reward and run epochs, respectively; two-tailed permutation test with 10*
repetitions, n =114 pairs recorded in seven sessions from four mice). n, Mean
AF/F,of GCaMPéf event-triggered average traces for astrocytic ROIs expressed
as function of the mean AF/F, of nLightR2 event-triggered averages recorded
inthe nLightR2 ROl nearest to the considered astrocytic ROl during either the
run (gold) or reward (teal) behavioral epoch (P=0.025 and P= 0.144 for reward
and run epochs, respectively; two-tailed permutation test with 10* repetitions,
n=114 pairsrecorded in seven sessions from four mice). o, Pearson’s correlation
between nLightR2 and GCaMPé6f signals computed either during the run (gold)
or reward (teal) behavioral epoch as a function of pairwise distance (P = 0.001
forepoch effect (run versus reward), distance-epoch interaction not significant
for all distances (Supplementary Table 1), linear mixed-effects model, n=7
sessions from four mice). Lines and shaded areas inm-o indicate mean +s.d. and
mean +s.e.m., respectively.
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duration, with stronger ones often causing brief awakenings®. To test
whether nLightR2 could report NE release caused by these surges, we
co-transduced LC-NE neurons of DA-B-hydroxylase-iCre (Dbh-iCre)
animals with the Cre-dependent calcium indicator jGCaMPS8f and
hSyn-driven nLightR2 (or the mutated version nLightR2-ctr; Fig. 4a)
and implanted animals with electroencephalogram/electromyography
(EEG/EMG) electrodes to perform sleep—wake recordings combined
with dual-color fiber photometry (Fig. 4b). nLightR2 and nLightR2-ctr
expressed well with jGCaMP8f at the site of the LC, allowing for simulta-
neous fluorescence measurements, which we verified to be wavelength
specific (Supplementary Fig. 3), through the optic fiber positioned
on top of the LC (Fig. 4c). The fluorescence of nLightR2 followed LC
activity on asurge-by-surge basis (Fig. 4d), whereas the mutated indi-
cator did not generate consistent signals (Fig. 4e). When we averaged
LC activity surges that occurred during continuous NREM sleep and
calculated the corresponding mean nLightR2 fluorescent waveforms,
itbecame clear that these faithfully followed LC activity variations and

Agscm () c Syn-nLightR2

GFABC1D-GCaMP6f

generated mean z-scored fluorescentincreases larger than the ones of
the mutated version (Fig. 4f-h; 0.26 + 0.49 for nLightR2, 1,264 peaks
from n=7 mice; -0.06 + 0.56 for nLightR2-ctr, 1,285 peaks fromn=4
mice; Mann-Whitney U-test, P=4.0 x 10™)). Furthermore, the aver-
age cross-correlations (+10-s lag around 0) between jGCaMP8f and
nLightR2 were greater than for nLightR2-ctr (Fig. 4i; P=3.6 x 107%7),
We then proceeded to test nLightG2 in dual-color photometry
experiments combining it with the bright and photostable red fluores-
cent calcium indicator PinkyCaMP®'. To monitor learning-dependent
activity changes during cued fear conditioning (Fig. 4j-1), we
co-transduced excitatory/projection neurons with CaMKiia-PinkyCaMP
and all neurons with hSyn-nLightG2 or hSyn-nLightG2-ctr and
implanted an optic fiber for dual-color fiber photometry in the ante-
rior BLA (aBLA; Fig. 4j). Coexpression of the two indicators was well
tolerated (Fig. 4k). As expected, CS-evoked calcium peaks detected
by PinkyCaMP were larger during the re-exposure session than during
the baseline session. This was also the case for NE release; however,
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NE levels stayed elevated throughout the duration of the CS. This
was not the case for the NE-insensitive mutant nLightG2-ctr, indicat-
ing that the nLightG2 signals truly reflect NE release in the aBLA and
are not affected by other potential sources of artifacts (for example,
hemodynamics; Fig. 4m-o0). Quantification of the peaks triggered
by the CS showed that both PinkyCaMP and nLightG2 significantly
increased across sessions, and no difference was seen in nLightG2-ctr
(*P=0.0421, ***P=6.791 x 10~ and P= 0.58; two-sided, paired ¢-test;
Fig.4p). Tocharacterize further how these two signals correlate and to
rule out potential cross-contamination, we looked at the association
session where mice were presented ten times with a footshock (US)
that co-terminated with the tone. US presentation led to both a large
and sharp calcium response detected by PinkyCaMP as well as alarge
and sustained (morethan 40 s) NErelease detected by nLightG2. Con-
versely, the US triggered a small dip in nLightG2-ctr signal, indicating
the presence of asmall non-NE-related component to the photometry
signal (Fig.4q-t). We performed a correlation analysis between Pinky-
CaMP and nLightG2 or nLightG2-ctr at the single-trial level and found
that calcium and NE weakly correlate across the whole association
session butstrongly correlate during US presentation. Conversely, we
observed no correlation between PinkyCaMP and nLightG2-ctr dur-
ing most of the association session and a strong negative correlation
during US presentation, in line with the non-NE-dependent nature of
the control signal (Extended Data Fig. 6a-c). Together, these results
showcase the multiplexing capability of the next-generation indicators
using fiber photometry in vivo.

Multiplexed two-photon imaging of NE and intracellular
calcium during spatial navigation

Previous work using two-photon microscopy in combination with
green-emitting NE indicators" showed that NE signaling in pairs of
localized hippocampal regions is differentially correlated across
behavioral conditions, suggesting that behaviorally dependent, spa-
tially restricted subdomains of NE dynamics exist in the CA1 pyrami-
dal layer. The development of nLighR2 provides the unprecedented
opportunity to perform spectrally multiplexed experiments, in which
intracellular signals measured with a green indicator are related to
the extracellular concentration of NE. However, a first fundamental
step toward this goal is to demonstrate that two-photon microscopy
of nLightR2 signals provides sufficient sensitivity to identify the pre-
viously described behaviorally dependent spatial dynamics of NEV.
Toward this goal, we expressed nLightR2 in the CA1 pyramidal layer of
the HPC and imaged nLightR2 fluorescence using two-photon micros-
copy. Weused A =1,040 nmto excite nLightR2, as this wavelength was

observedto be effective in generating nLightR2 fluorescence emission
(Extended Data Fig. 7). Awake head-fixed mice navigated in a virtual
reality corridor for five sessions over consecutive days (days 1-5, one
session per day, n =4 mice; Extended Data Fig. 8a,c). Results obtained
withnLightR2 largely recapitulated what we previously observed under
similar experimental conditions with nLightG". nLightR2 signal ampli-
tude displayed a tendency to increase with the running speed of the
animal, which reached significance on days 3-4 (two-sided rank-sum
test; Hy, slope of the linear model equals to 0; P,,, = 2.09 x 102 for days
3-4, n=4 mice; Extended Data Fig. 8h) and a tendency to increase
with lick rate (Extended Data Fig. 8i), which reached significance on
recording days 1-3 (two-sided rank-sum test; H,, slope of the linear
model equals to 0; P,.,.q = 2.09 x 102 for days 1-3, n = 4 mice). Experi-
ments with the nLightR2 control indicator (nLightR2-ctr) did not
show linear dependence of NE signals over running speed and lick
rate (Extended Data Fig. 9a-i).

Wethenleveragedthe absorption/emission properties of nLightR2
to simultaneously measure NE signaling with nLightR2 in the red
(595/50-nm) fluorescence channel and cellular calcium activity with
GCaMPé6finthegreen (525/70-nm) fluorescence channel. Asanimpor-
tant control, we firstimaged nLightR2-expressing animals at 920 nm,
the wavelength used to excite fluorescence in the green channel, and
observed some green fluorescence emission (Extended DataFig.7a,b).
The green fluorescence was visible following illumination at 920 nm,
but much lessat1,040 nm (Extended DataFig. 7a,b). Moreover, follow-
ing 920-nmexcitation, the green fluorescence was nothomogeneously
distributed across the cells but was concentrated in what appeared
to be somatic puncta (Supplementary Fig. 4a,b). This observation
could be compatible with the possibility that the nLightR2 indicator
may partitionin two species as previously shown for other red-shifted
indicators based on the mApple fluorophore*. Alternatively, the
green fluorescence observed following 920-nm excitation could be
due to endogenous autofluorescence. In line with this hypothesis,
the puncta were also observed in nontransduced cultured neurons
using two-photon excitation. Additionally, those puncta had broad
excitation/emission spectra and showed high green-red colocaliza-
tion. This was not the case for neurons expressing nLightR2 where
the brightest red pixels had low green fluorescence intensity. More
importantly, these puncta did not respond to application of NE in
cultured neurons (10 puM; Supplementary Fig. 4c-g). To reduce the
potential impact of this green emission in our two-photon functional
recordings, we spatially segregated the NE and calcium indicators by
expressing nLighR2 in CAl neurons and GCaMPé6f in CAl astrocytes
using cell-type-specific promoters. Head-fixed mice coexpressing

Fig. 6 | nLightG2 reveals spatially structured NE dynamics in the VC during
sensory stimulation and behavioral state transitions in mice. a, Schematic of
viralinjection in the VC and two-photon imaging setup with nLightG2 expression
inlayer 2/3 of the primary VC (V1) in head-fixed mice on a running wheel.

b, Individual AF/F, traces from two example FOVsillustrating loom-evoked
activity in nLightG2 (average across ROIs with AF/F, > 30; green) and nLightG2-ctr
(gray) mice, highlighting a single ROl with a strong loom-evoked response in

the nLightG2 animal to a single loom, whereas only a small, albeit detectable,
change was observed in the control, potentially reflecting hemodynamic signals.
¢, Example AF/F,traces from representative nLightG2 (green), GRABy;,, (blue)
and nLightG2-ctr (gray) animals over the course of individual recordings.

Orange triangles in the traces highlight spontaneous NE events in the absence of
locomotion.d, An example FOV from an nLightG2-expressing mouse. e, Same as
ind for a GRAByg,-expressing animal. Peak responses are indicated inred.

f, Example spatial distribution of peak response latency after loom onset across
tile ROIs with aresponse AF/F, > 3o within a single FOV. g, Time-to-peak analysis
for data plottedinf. h, Scatter plots of loom-evoked changes in AF/F, (%) per ROI,
including all ROIs across all mice within each group (nLightG2 ROIs (1,075 ROls,
n=7mice), GRABygm, (751 ROIs, n=3 mice) and nLightG2-ctr (375 ROls, n=3 mice)).
i, Cumulative distributions of AF/F,values in the 20-s postloom window

compared to preloom baseline across all tile ROIs. nLightG2 showed a
significant shift for all tile ROIs pooled across mice (two-sided Kolmogorov-
Smirnov test, P=3.8 x 107), whereas GRABy,,, (P=0.093) and nLightG2-ctr
(D=0.093, p=0.076) did not. j, Scatter plots of mean AF/F, during stationary
versus forced running epochs from the same ROIs and animals showninf.

k, Cumulative distributions of running-evoked AF/F, changes showed a rightward
shiftin nLightG2 compared to GRABy;,,,, (two-sided Kolmogorov-Smirnov test,
P=4x10"*) and nLightG2-ctr (P= 3.2 x 107®) during forced locomotion. 1, GLM
quantifying the variance in NE dynamics explained by looming stimuli (loom),
running speed (run) and their interaction (inter) in nLight G2-expressing animals
(n=7mice). Left, the full model explained 4.4 + 2.3% (mean + s.e.m., n =7 mice)
of the total fluorescence variance, whereas excluding the running term reduced
explained variance to 0.37 + 0.09%, excluding the looming term to 4.2 + 2.2%
and excluding theinteraction termto 4.3 + 2.3% (mean + s.e.m., n = 7 mice).
Right, example tiled map showing the spatial distribution of the total explained
variance (AR?) for an nLightG2-expressing mouse; Expl., explained. m, Leave-
one-out GLM analysis validating the contribution of running, looming and their
interaction to explained variance in NE dynamics (mean + s.e.m.; relative AR?;
running: 68.0 £ 5.7%, looming: 20.7 + 3.5%, interaction: 10.5 + 2.8%; Friedman
P=9.1x10"*; Wilcoxon P=0.016, n=7 mice).
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the two indicators were immersed in the same virtual reality corridor
usedin days1-2inthe experiments displayed in Extended Data Fig. 8,
while simultaneously recording NE and astrocytic calcium signals in
the CAl pyramidal layer (Fig. 5a-d; n =7 sessions from four animals).
Segmentation of two-photon images (Fig. 5¢) was performed using
cell-sized regions of interest (ROIs)* for the NE signal and a deep

learning software designed to perform anatomically bound segmen-
tation of astrocytes® for GCaMPéf signal. Using event-triggered aver-
ages, we observed a sustained increase of NE when the mouse started
to run (Fig. 5d,e and Supplementary Fig. 5) and a transient increase
in NE signaling after crossing the reward position (Fig. 5d-g and
Supplementary Fig. 6), similar to what we observed in mice expressing
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only nLightR2 (Extended Data Fig. 8). Astrocytic ROIs also showed
behaviorally dependent GCaMP6fresponses (Fig. 5i-1). Astrocytic ROls
showed prolonged positive AF/F, responses when the mouse started
to run (Fig. 5i) and a more heterogeneous response after crossing the
reward position (Fig. 5k). Considering pairs of ROIs, we confirmed high
Pearson’s correlation values for the NE signalin pairs of ROls when the
mouse started to run (Fig. 5f and Extended Data Fig. 10a-d) and when
the mouse crossed the reward position (Fig. 5h and Extended Data
Fig.10a-d). Interestingly, astrocytic GCaMP6f signals also displayed
abehavioral state-dependent correlation across pairs of ROls (Fig. 5j-1
and Extended Data Fig. 10e). We next investigated the dependence of
correlationamong pairs of NE or pairs of astrocytic ROIs as afunction
of the distance between the two ROIs of the pair (pairwise distance;
Extended Data Fig.10f,g). We found that Pearson’s correlation values
for NE pairs decreased as a function of pairwise distance, suggest-
ing heterogeneous NE signaling in the spatial scale investigated here
(few hundreds of microns; Extended Data Fig. 10f) in both behavioral
states, that is, start of running and crossing the reward position. We
also observed decreasing GCaMP6f signal correlation as a function
of pairwise distance across pairs of astrocytic ROls in the same spatial
scale (Extended Data Fig. 10g). This latter result suggests that in the
HPC, neighboring astrocytes share a certain level of correlation in
their calcium dynamics, which, however, decreases with distance,
as previously observed®. Finally, we asked how astrocytic GCaMP6f
activity related to NE signals. After crossing the reward position, we
found that the GCaMPé6f signals extracted from one astrocytic ROI
correlated with NE signals extracted from the NEROI positioned closest
to the astrocytic ROI (Fig. 5m,n), whereas this was not the case when
themouse started to run (Fig. 5m,n). Moreover, we found that the cor-
relation value between the NE signal and astrocytic GCaMP6f activity
strongly depended on the behavior of the animal, with crossing the
reward position inducing higher correlation values between the two
signals than running (Fig. 50). The behaviorally dependent correlation
betweenastrocytes and NE was not a function of the distance between
the astrocytic ROl and the NE ROI (Fig. 50). These latter results dem-
onstrate that GCaMPé6f activity in astrocytes shows larger correlation
values with NE signals during reward epochs than after starting arun-
ning epoch. Inaddition, in reward epochs, the amplitude of GCaMP6f
responsesinastrocytesincreases with the amplitude of the NE signals
ina close-by spatial location.

Imaginglocalized cortical NE dynamics in awake mice using
nLightG2

To monitor NE dynamics in the cortex of awake animals and perform
ahead-to-head comparison of nLightG2 with the previously existing
green NE indicator GRABy,,, and nLightG2-ctr, we expressed the indi-
cators in layer 2/3 of the VC and performed two-photon imaging in
head-fixed mice positioned on a running wheel (Fig. 6a). In nLightG2
animals, we observed robust and spatially localized NE transients,
occurring both in response to looming stimuli (Fig. 6b,c) and during
gray screenintervals, often linked to locomotion but at times also pre-
sentinits absence (Fig. 6c and Supplementary Video 1). These transients
were absent in nLightG2-ctr mice, demonstrating that they faithfully
reported local NE release events (Fig. 6b,c and Supplementary Video 2).
nLightG2 transients appeared as brief increases in AF/F,, frequently
confined to localized subregions of the field of view (FOV), forming a
mosaic of transiently active microdomains (Fig. 6d-g).

Looming visual stimuli occasionally elicited strong AF/F,
responsesinnLightG2 mice (Fig. 6c-g); although responses were incon-
sistent across trials and spatially restricted across ROIs, loom-evoked
changes in fluorescence were observed in all nLightG2 mice. Across
all tile ROIs (n=2,200, 5 x 5 square tiles per FOV per animal), only the
nLightG2 indicator showed a statistically significant shift in post-
loom versus preloom AF/F, distributions (Kolmogorov-Smirnov
test, P=3.1x1075; Fig. 6h,i), whereas no significant changes were

observed in the control variant nLightG2-ctr (P=0.076) or GRAByg,,
(P=0.093; Fig. 6h,i and Supplementary Video 3). Mouse-level paired
comparisons confirmed a significant loom-evoked increase for
nLightG2 (paired ¢-test: P=0.029; Wilcoxon: P=0.031; n =7 mice),
with average responses across allROlIsincreasing by 1.39 + 0.49% AF/F,,
(mean £ s.e.m.) and spanning a broad range. By contrast, GRABy,, and
nLightG2-ctr exhibited only minimal changes (Fig. 6h,i). To further
assess nLightG2 sensitivity, we quantified the per-ROI probability
of strong loom responses, defined as the fraction of looms in which
a given ROl exhibited a peak z-scored AF/F, response exceeding 5
withinthe 20-s postloom window. This fraction was larger in nLightG2
mice (20.1+3.7%, mean +s.e.m., n =7 mice) thanin nLightG2-ctr mice
(4.0 £1.2%, mean = s.e.m., n = 3; Wilcoxon: P=0.012). In addition, the
distribution of peak zscores was significantly broader innLightG2 than
in both nLightG2-ctr (Kolmogorov-Smirnov test, P=0.00017) and
GRABy,m (P=0.00081), highlighting nLightG2’s enhanced ability to
resolve discrete signal fluctuations. This was consistent with greater
across-ROIl variability, with mean standard deviation values (calcu-
lated per mouse) being higher in nLightG2 (5.33 + 3.01%, n = 7 mice)
than in GRAByg,m (2.20 £1.07%, n = 3 mice) and nLightG2-ctr animals
(0.75+0.05%, n=3 mice).

To assess behavioral state dependence, we compared AF/F,
signals during stationary epochs and forced locomotion (Fig. 6j,k).
In nLightG2 mice, NE signals increased significantly when animals
transitioned from rest to forced locomotion (3.12 + 0.42% AF/F, at
rest versus 5.57 +1.54% during locomotion; Wilcoxon signed-rank
test, P<0.001; n =7 mice). Cumulative distribution analysis of mean
AF/F,across ROIs revealed a pronounced rightward shift in nLightG2
(D=0.43, P<1x107%; n=7 mice; Fig. 6k). GRABy;,,,, exhibited more
muted modulation (1.20 + 0.19%; n = 3 mice). Scatter plots of mean
AF/F,between stationary and locomotor epochs revealed significant
correlations for bothnLightG2 (P=0.0071) and GRAByp,,, (P=0.00075;
Fig. 6j). nLightG2-ctr mice showed amoderate correlation (P = 0.041),
suggesting that some state-dependent modulation is preserved even
under control conditions, likely reflecting hemodynamic or nonspe-
cific arousal-linked signals®*. Furthermore, area under the receiver
operating characteristic analysis revealed that nLightG2 discriminated
spontaneous locomotion from stationary epochs more effectively
(0.76 £ 0.04, n=7) than GRABy,, (0.62 £ 0.01, n = 3; Mann-Whitney
U-test, P=0.017). We used a generalized linear model (GLM) to dis-
sociate the sensory and behavioral contributions to NE dynamics in
nLightG2 mice (Fig. 61,m). Because looming stimuli can evoke run-
ning behavior, and spontaneous locomotion is itself accompanied
by increases in LC activity, the GLM allowed us to separate visually
driven components from those related to the running state and to
quantify their respective contributions to variance in NE activity. The
model included terms for looming stimuli, running speed and their
interaction, enabling the variance in NE dynamics to be partitioned
into components explained by each factor while accounting for shared
covariance. This approach revealed how behavioral state and sen-
sory drive jointly shape NE fluctuations in the VC. The GLM explained
4.4 +2.3%(mean + s.e.m.,n=7 mice) of the total fluorescence variance
(Fig. 61). To estimate the unique contribution of each factor,we used a
leave-one-out GLM approach in which each predictor was iteratively
removed from the model. The resulting change in explained variance
(AR? reflects the variance in NE activity uniquely attributable to each
term. Runningaccounted for the largest proportion of explained vari-
ance (68.0 +5.7% of AR?), followed by looming (20.7 + 3.5%) and their
interaction (10.5 + 2.8%; Friedman P=9.1x10™*; Wilcoxon P=0.016),
indicating that NE dynamics reflect both ongoing behavioral state and
transient sensory events.

Together, these findings demonstrate that nLightG2 exhibits
substantially greater sensitivity and dynamic rangein vivo than GRAB-
ezme SUPPoOTrting its superior performance for resolving endogenous
noradrenergic signalingin vivo.
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Discussion

The versatility of our next-generation NE indicators was demonstrated
invivo by their faithful reporting of NE dynamics along with neural activ-
ity during NREM sleep and cued fear conditioning. The arousal levels of
wakefulness and sleep are fundamentally different; therefore, itis rea-
sonable to expect that the mechanisms and impact of NE signaling also
differ between these behavioral states. The development of nLightR2
now opens exciting opportunities for investigating how brain-wide
NE dynamics control arousal fluctuations on top of globally distinct
behavioral states. Moreover, not only NE but also other monoamines
fluctuate during sleep states®, which renders spectral multiplexing of
fiber photometry, combining multicolor measurements with specific
indicators, indispensable for progress. Furthermore, NE fluctuations
can be perturbed by stress®*°® or in neurodevelopmental disease®”.
Adecline of LCactivity is increasingly associated with the progression
of neurodegenerative diseases®. Therefore, the possibility to monitor
NE output on an event-by-event basis in NREM sleep, and to pick up
minute variations of these in perturbed conditions, holds potential for
developing early diagnostic measures based on the associated sleep
signals. Inthe amygdala, nLightG2 reported afear learning-dependent
sustained increase in NE levels during the CS, which was absent from the
controlindicator nLightG2-ctr and was paralleled by anincreased Pinky-
CaMP activity peak at CS onset. Considering the multifaceted roles
that NE release plays, from enhancing synaptic plasticity and memory
consolidation®®*®’ to regulating arousal’®, attention’ and anxiety-like
behaviors”, it can be foreseen that these tools will also prove useful
to robustly dissect the interplay between neuromodulator signaling
and local circuit mechanismsinadaptive behaviors. Of note, the use of
NE-insensitive controlindicatorsin this study revealed a frequent pres-
ence of NE-independent signal contaminants across preparations. We
therefore recommend that end users routinely include these controls
to verify the NE-dependent nature of the observed signals.

AlthoughbothnLightG2 and nLightR2 are suitable for usein most
spectral multiplexing experiments, due to the intrinsic photoswitching
properties of its cpmApple-based chromophore, it should be noted
that nLightR2 is not suitable for a specific subset of experiments in
which NE monitoring needs to be combined with intermittent pulses
of strong (for example, >300 pW)*? blue light illumination applied on
thesamearea, such asin experiments combiningblue light optogenetic
stimulationand nLightR2 photometry through the same optical fiber.
Future engineering efforts should aimto develop improved nLightR2
variants that strongly reduce or eliminate photoswitching, for instance
byincorporating analternative bright red fluorescent proteinsuch as
mScarlet, as used in PinkyCaMP®",

Theindicators presented in this study also provide fundamental
advantages in two-photon fluorescence microscopy experiments.
nLightR2 reached a level of performance similar to that of nLightG".
Additionally, two-photonimaging of nLightR2 (A.,. =1,040 nm) could
be coupled to two-photon imaging of GCaMP6 (A.,. = 920 nm) for
high-spatial-resolution multiplexed imaging of NE dynamics and intra-
cellular calcium signals. In such experiments, spurious fluorescence
may contaminate the green channel. This artifact can be minimized
considering the spatial segregation of the indicators, the low level of
spurious green emission and the static versus dynamic nature of the sig-
nals. Using this configuration, we found behavioral state dependence
between astrocytic calciumactivity and NE signaling, with dependence
being present during reward delivery but not during running behavior.

nLightG2 enabled high-resolution two-photon imaging of NE
dynamics in the VC of awake mice, revealing spatially structured,
transient NE signals that are selectively engaged during sensory stim-
ulation and behavioral state changes. Unlike previous-generation
indicators, nLightG2 detected sparse, microdomain-specific transients
with such high sensitivity that they were clearly discernible in the raw
videos without additional processing. It captured both spontaneous
and stimulus-evoked NE activity, uncovering a mosaic of localized

responses and highlighting the integrative nature of neuromodula-
tory signaling. nLightG2 outperforms GRABy;,,, in detecting subtle
neuromodulatory shifts duringlooming stimuliand locomotion, estab-
lishingit asa powerful tool toresolve NE dynamics acrossinternal and
behavioral statesin vivo.
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Methods

Molecular cloning

Mammalian expression plasmids encoding nLightG and nLightR
(Addgene, 217656-217657) were used as templates to generate all vari-
ants. Site-directed mutagenesis was performed by PCR (PfuUltrall Hot-
start), followed by DNA ligation or Gibson assembly”. The GRABy, '
gene fragment (Twist Bioscience) was cloned into a pCMV backbone
(Addgene, 217656) with or without a Flag tag via Gibson assembly.
nLightG2, nLightR2, GLPIR and msA1AAR-SmBit constructs were gen-
erated by PCR amplification of receptor/indicator sequences and
replacement of the B,-adrenergic receptor ina B2AR-SmBit plasmid".
Viral plasmids (Viral Vector Facility of the University and ETH Ziirich)
encoding nLightR2/nLightG2 and nLightR2/nLightG2-ctr under an
hSyn promoter were cloned by BamHI/Hindlll restriction cloning. All
constructs were verified by Sanger or full plasmid sequencing.

Cell culture, confocal imaging and quantification

HEK293T cells (ATCC, CRL-3216) were cultured per standard proto-
cols’ and were authenticated by the supplier. At 40-50% confluency,
cells were transfected in glass-bottom dishes or six-well plates using
PolyFect (Qiagen) and used 24-48 h after transfection. Primary corti-
calneurons wereisolated from E18 rat embryos. Specifically, cortices
were dissected; rinsed in PBS + 10 mM glucose, 1 mg ml” bovine serum
albumin and 1:100 antibiotic-antimycotic; fragmented; digested in
papain (37 °C, 15 min); washed in DMEM +10% fetal calf serum + 1:100
penicillin/streptomycin and dissociated by trituration. The suspen-
sion was filtered (40 pm) and plated at 40,000-50,000 cells per well
on poly-L-lysine-coated dishes (50 pg mI™) in NU medium (MEM +15%
NU serum, 2% B27,15 mM HEPES, 0.45% glucose, 1 mM pyruvate and
2 mM GlutaMAX). After 4-6 days, neurons were transduced with AAVs
(1x10'" genome copies per ml) and cultured 14 days in vitro. Imaging
was performed at room temperature in HBSS + CaCl,/MgCl, + 30 mM
HEPES. For live labeling, cells were incubated for 10 min with AlexaFlour
647 M1anti-Flag (1:1,000), washed twice andimaged ona Zeiss LSM 800
with 488/561-nm lasers using x40 or x63 oil objectives; ligands were
manually applied. AF/F,was quantified in Fiji (ImageJ) by ROl selection
onisolated membranes: AF/F, = (F,— F,) / F,.

Generation of HEK293T cell lines stably expressing indicators
Isogenicstable lines expressing nLightR2, nLightG2 or GRABNE2m were
generated in HEK293T LLP Int Blast” (LLP-HEK) cells. Cells were seeded
in 35-mm dishes and transfected with promotorless attB_nLightR2_
PuroR, attB_nLightG2_PuroR or attB_GRABNE2m_PuroR using Poly-
Fect. Expression was induced 24 h later with 2 pug ml™ doxycycline,
and recombined cells were selected 24 hafter induction with 5 pg ml™
puromycin. Cells were passaged three or more times in medium con-
taining doxycycline and puromycin before experiments.

Dose-response curves in HEK293T cells

Dose-response curves for NE and DA were measured ona Tecan M200
Pro. HEK293T cells stably expressing the indicator were grown to 80%
confluency, detached with Versene, centrifuged (room temperature,
3 min,150g) and resuspended at 3.33 x 10¢ cells per mlin HBSS + 30 mM
HEPES. Cells (150 pl per well) were plated in black 96-well plates. Ligands
were added as a 2x dilution series (150 pl per well) and incubated for
15 minatroomtemperature. Fluorescence was measured at480/520 nm
(green) or 560/600 nm (red; bandwidths 9/20 nm). Biological replicates
were normalized and fitted with afour-parameter dose-response curve
using least squares regression to determine the EC,

pH sensitivity testing

LLP-HEK cells stably expressing nLightG2 or nLightR2 were seeded
in glass-bottom dishes in medium with 2 pg mi™ doxycycline and
5 ug ml™ puromycin. Before imaging, cells were incubated for 5 min
in HBSS + 30 mM HEPES at the desired pH. Imaging and NE application

(10 pM) were performed as described above. Analysis in Fiji averaged
pixel intensity over time; ROIs of the top 10% brightest pixels (plasma
membrane) were used to calculate brightness and AF/F,,.

One-photon excitation/emission spectra

One-photon excitation/emission spectra were measured on a Tecan
M200 Pro. HEK293T cells were transfected 24 h after seeding using
PolyFect, detached 48 h later with Versene (Thermo Fisher), centri-
fuged (room temperature, 3 min, 150g) and resuspended at 3.33 x 10°
cellsper mlin HBSS + 30 mM HEPES. Cells (150 pl per well) were plated
in black 96-well plates and mixed with HBSS or 2x NE to reach a final
concentration of 10 uM NE. Plates were incubated for 15 min at room
temperature, and fluorescence was measured at constant excitation
(480/550 nm, 10-nm bandwidth) or emission (520/620 nm, 20-nm
bandwidth) while scanning in 2-nmincrements. Mock-transfected cell
autofluorescence was subtracted. Biological replicates were normal-
ized to maximal fluorescence and averaged.

For neurons, transduced (nLightR2 or nLightR2 + jGCaMP6f)
or untransduced cells on glass-bottom dishes were imaged by one-
or two-photon microscopy, excited sequentially at 980-1,040 nm
(20-nmincrements) with a x16/0.8-NA water objective (N16XLWD-PF),
1,024 x 1,024 resolution, 0.96-Hz frame rate and five-plane z stacks
(10-pum steps). Photomultiplier (PMT) tube detectors with filters
for green (535/50) or red (620/60) light were used. Laser power was
wavelength dependentbut consistent across experiments (1,040 nm:
73 mW; 1,020 nm: 90 mW; 1,000 nm: 110 mW; 980 nm: 100 mW;
960 nm: 88 mW; 940 nm: 90 mW; 920 nm: 92 mW). Images were ana-
lyzed as averaged stack projections.

Confocal spinning-disk imaging and analysis

An Olympus IXplore SpinSR10 (Yokogawa CSU-W1, pinholes 2 x 50 pm)
with a UPLSAPO x60 oil objective was used to characterize nLightR2.
The FOV was cropped to 108.3 x 54.17 um, achieving a 13.2-ms frame
rate. Lights (488 nmand 560 nm) were matched to ~30 mW mm For
positive photoswitching, 488 nm was on 950.4 ms/off1,412.4 ms, with
560 nm always on. For photobleaching, 560 nm only was applied for
35s. Negative photoswitching used ten 1,887.6-ms 560-nm blocks,
interleaved with 30-s no-light epochs. Image processing and analysis
were performed in MATLAB/ImageJ: (1) file organization and hyper-
stack creation, (2) background subtraction (100 for Hamamatsu
ORCA-Fusion sCMOS), (3) average z projection, (4) thresholding, (5)
ROl selection/intensity measurement, (6) photobleaching correction
(second-degree exponential) and (7) trace/heat map plotting.

Invitro two-photon brightness

The two-photon brightness of nLightR2/nLightG2 was recorded
using a previously reported two-photon microscope’” equipped with
a wavelength-tunable fs-laser (Chameleon Discovery, Coherent) and
a x20 Zeiss W Plan objective. HEK293T cells were transfected using
PolyFect and imaged 24 h after transfection. Before imaging, the
medium was switched to HBSS with CaCl, and MgCl, (Thermo Fisher)
supplemented with 30 mM HEPES (Thermo Fisher) to avoid DMEM
autofluorescence. The spectrawere collected before and after the addi-
tion of NE (10 pM). The laser power after the objective was calibrated
at every wavelength using a beam splitter, a reference photodiode
(Thorlabs, PDA50B2) and a power meter under the objective (Thorlabs,
S175C). During the experiment, the power at the objective was kept
below 30 mW to minimize photobleaching and saturation effects””.
To account for the unknown wavelength dependence of the pulse
width as well as potential imprecisions in the power calibrations, we
measured a correction curve using the reported’® spectral shapes of
Rhodamine6G (1 x 10~ Min ethanol) and LDS798 (5 x 10 Min CDCl,).
Theemissionspectraofthe apo and sat forms of theindicator are very
similar; thus, a calibration for therelative detection efficiency was not
necessary. Because the two-photon absorption cross-section (¢%),
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the quantumyield (@) and the number of chromophoresin the ground
state can change following ligand binding’®, we report the relative
two-photon excitation efficiency, which is related to the product of
these quantities and can be calculated from our data using previously
reported equations.

Luminescence complementation assay

G-protein or f3-arrestin2 recruitment by the indicator was meas-
ured using a luciferase complementation assay. SWAIAAR, mouse
AlAAR, human GLPIR, nLightG2 or nLightR2 was C-terminally fused
to SmBiT and co-transfected (1:1 DNA ratio) with mini-G proteins**
(mini-G,, mini-G;, mini-G,) or B-arrestin2 (ref. 46) fused to LgBiT
into HEK293T cells. Cells (250,000 per well in 35-mm dishes) were
transfected 24 h after seeding, collected 24 h later and resuspended
at 0.5 x 10° cells per mlin Fluorobrite-DMEM + 30 mM HEPES. Cells
(200 pl) were mixed with 50 pl of 20-fold diluted NanoGlo substrate
in live cell substrate buffer (Promega); 100 pl per well was plated in
white 96-well plates and incubated for 45 min at 37 °Cat 5% CO,. Lumi-
nescence was measured onaTecan Spark before and after the addition
of 25 pl of Fluorobrite-DMEM with (well 1) or without (well 2) 10 uM
ligand. For analysis, the ratio of the luminescence intensity from well
2 and well 1was calculated over time.

Kinetic measurements using patch-clamp fluorometry
Response kinetics of nLightR2 and nLightG2 were measured by
patch-clamp fluorometry"”~"*° with fast, piezo-driven ligand applica-
tion. HEK293T cells were transfected with 0.3-0.45 pg ml™ plasmid
using PEI25,000 and incubated for 48-72 h. Patch pipettes (6-10 MQ)
contained 135 mM K-gluconate, 10 mM NaCl, 2 mM MgCl,, 1 mM
EGTA and 10 mM HEPES (pH 7.4); cells were bathed in 138 mM NacCl,
1.5 mM KCl, 1.2 mM MgCl,, 2.5 mM CacCl, and 10 mM HEPES (pH 7.3).
Outside-out patches were excised and positioned before a © glass
pipette (-150-um tip) on a piezo actuator for submillisecond ligand
application® (5 pM NE, 0.35 ml per min per channel; bath flow
~4 ml min™). Epifluorescence imaging used a Leica DMi8 with a
x20/0.40-NA objective (red: excitation 562/40 nm, emission 624/40 nm
(2.6 mW mm™); green: excitation 470/40 nm, emission 525/50 nm
(0.5 mW mm™)). EMCCD acquisition (Evolve 512delta, MicroManager
2.0) at100 fps (2 x 2binning, 9-ms exposure, EM (electron-multiplying)
gain 200) was TTL (transistor-transistor logic) triggered via pClamp
10.7. AF/F, maps were calculated from mean projections (50-100
framesbefore, 40-60 frames during NE), background subtracted and
normalized. Only high signal-to-noise recordings (nLightR2>10,n=8;
nLightG2 > 20, n=11) were included; ON/OFF kinetics were fitted to
single exponentials after averaging four sweeps.

Animals

Animal procedures were performedinaccordance with the European
Community Council Directive, the UK Animals (Scientific Procedures)
Act 1986 and the Animal Welfare Ordinance (TSchV 455.1) of the Swiss
Federal Food Safety and Veterinary Office and were approved by the
Ziirich Cantonal Veterinary Office, the Institutional Animal Care and
Use Committee at the University of Colorado School of Medicine, the
Regierungsprasidium Karlsruhe, the University College London insti-
tutional ethics committee or the National Council on Animal Care of
theltalian Ministry of Health. Primary cortical neuronal cultures were
prepared from embryonic day 17 Rattus norvegicus (Wistar) embryos
dissected from timed-pregnant females (Envigo). Wild-type Mus mus-
culus (C57BL/6J; The Jackson Laboratory, 000664), heterozygous
B6.Cg-Dbh™32Crafien/y (Dph-cre®?; The Jackson Laboratory, 033951)
and heterozygous C57BL/6-Tg(Dbh-iCre)1Gsc (Dbh-iCre®*; MMRRC,
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
(twotofive per cage) inindividually ventilated cages under controlled

environmental conditions (ambient temperature 21-24 °C, relative
humidity 40-60%) on either areversed (for optogenetic experiments)
ornormal 12-h light/12-h dark cycle. Food and water were available ad
libitum. All animals were regularly monitored to ensure stable housing
conditions and welfare.

Animal surgeries and viral injections

Surgeries were performed on adult isoflurane-anesthetized mice.
For slice two-photon imaging, mice were mounted on a stereotaxic
frame (Kopf Instruments) before bilateral injection (500 nl) of AAV9.
hSyn.nLightG (1.2 x 10" genome copies per ml), AAV9.hSyn.nLightG2
(0.8 x 10" genome copies per ml), AAV9.hSyn.nLightR (0.7 x 10"
genome copies per ml) or AAV9.hSyn.nLightR2 (4.5 x 10" genome
copies per ml) into the LH with a Nanoject Ill (Drummond Scientific;
2 nls™) using the following coordinates (relative to bregma): anterior-
posterier (AP) -0.3 mm, medial-lateral (ML) +0.9 mm, dorsal-ventral
(DV)-5.2mm.

For in vivo fiber photometry experiments during cued fear con-
ditioning or TL, AAV9 encoding nLightG2 (-1.3 x 10" genome copies
per ml) or nLightG (- 2.3 x 10" genome copies per ml), GRAB NE,,,
(-6.0 x 10" genome copies per ml), nLightG2-ctr (-1.1 x 10" genome
copies per ml) or nLightR2 (-8.9 x 10" genome copies per ml) under
the control of the hSyn promoter was unilaterally injected into one
of the following regions: pBLA (-2.0 mm AP, £3.5 mm ML, -4.5 mm
DV, volume: 400 nl) and LH (-1.4 mm AP, +1.1 mm ML, -5.2 mm DV,
volume: 600 nl). For dual-color photometry experiments, al:1 mix was
made with either nLightG2 or nLightG2-ctr and CaMKiia-PinkyCaMP
(-~ 9.8 x10" genome copies per ml). For these experiments, the
injections were administered in the aBLA (-1.4 mm AP, £3.5 mm ML,
-4.5mm DV, volume: 400 nl). In all cases, fiber optic cannulas were
implanted 0.1-0.2 mm above the injectionssites (for the LH, pBLA and
aBLA; 400-pum core diameter, NA = 0.57, Doric lenses) on the same
surgery day.

For photometry in the dHPC, a small incision (-1 cm) was made
along the scalp, the skull was cleaned of remaining tissue, and small
craniotomies (-0.5 mmin diameter) were drilled above the dHPC (2 mm
posteriorand 1.5 mm lateral to bregma) and LC (5.4 mm posterior and
1.1 mm lateral to bregma). A glass pipette was then slowly lowered
into the CAlregion of the dHPC, and 500 nl of viral suspension con-
taining either AAV9.hSyn.nLightR2 (8.9 x 10*? viral genomes per ml),
AAV9.hSyn.nLightR (1.4 x 10" viral genomes per ml) or AAV9.hSyn.
nLightR2-ctrl (8.9 x 10" viral genomes per ml) was injected -1.6 mm
relative tobregmaataspeed of-100 nl min™. Inaddition, 300 nl of viral
suspension containing AAV9.EF1a.D10.hChR2(H134R)-eYFP (-1.2 x 10"
viralgenomes per ml; AddGene, 20298, a gift from K. Deisseroth, Stan-
ford University) wasinjected inthe LC atadepth of -3.6 mm. After virus
injection, the pipette was left in place for 2 min before withdrawal.
Subsequently, fiber optic cannulas (400-um core diameter, NA = 0.5)
were slowlyinserted ~100 um above theinjection coordinates and fixed
with dental cement. On top, asmall head holder was cemented to the
skullto allow for head fixation during experiments.

The procedures for general and local anesthesia, temperature
monitoring, stereotaxic craniotomies, viral injections and implan-
tation of electrodes for sleep-wake recordings were as previously
described™*°. For dual-color fiber photometry recordings in the LC,
Dbh-iCre mice received a unilateral injection into the right LC at six
different depths: lateral (from bregma), 0.95 mm; AP (from bregma),
-5.4 mm; DV (from the dura), -3.2,-3.0,-2.8, -2.6,-2.4 and -2.2 mm,
withan equal parts mixture of an AAV9.shortCAG.dlox.jGCaMP8f(rev).
dlox (titer 6.5 x 10" viral genomes per ml, Viral Vector Facility Zurich)
witheither a AAV9.hSyn.nLightR2 (titer 8.9 x 10" viralgenomes per ml)
virus or a AAV9.hSyn.nLightR2-ctr (titer 8.9 x 10" viral genomes per
ml) virus. Atevery depth, avolume of 200 nlwasinjected with arate of
50-100 nl min™through a thin glass pipette (5-000-1001-X, Drummond
Scientific) pulled on avertical puller (Narishige, PP-830), initially filled
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with mineral oil and backfilled with the virus-containing solution. At
everyinjectionstep,al-to2-minpause wasinterleaved, and the pipette
was leftinplace for10 min after the lastinjection. Surgical implantation
of EEG/EMG electrodes was then performed as previously described®’.
For fiber photometry recordings, an optic fiber stub coupled to a
cannula (Doric Lenses, MFC_400/430-0.66_4.0mm_ZF1.25(G)_FLT)
was implanted over the right LC (lateral 0.9; AP -5.4; DV -2.7) with
aninsertion speed of 1 mm min™ using a Thorlabs stereotaxic holder
(XCL). Fibers were glued to the skull using Loctite Schnellkleber 401.
Finally, adental cementstructure (Paladur and Steady-Resin polymer,
Scheu) was created incorporating all the electrodes and the optic fiber
holding the entire implantinto place.

For hippocampal two-photonimaging, nLightR2 or nLightR2-ctr
expressionin neuronal cells was achieved through unilateral injection
of AAV9.hSyn.nLightR2 or AAV9.hSyn.nLightR2-ctr in the CAl area of
the HPC (stereotaxic coordinates: —1.75 mm AP, +1.35 mm ML, -1.40 mm
DV). For dual-color imaging experiments, AAV9.hSyn.nLightR2 was
co-injected with pZac2.1 gfaABCID-cyto-GCaMP6f (52925-AAVS5,
Addgene; a gift from B. S. Khakh, University of California, Los Ange-
les; titer of stock solution, ~7 x 10" genome copies per ml; working
dilution, 1:2). This latter virus was used to achieve astrocyte-specific
expression of GCaMP6f. AAVs were diluted in saline, and the viral solu-
tion (volume of 800 nl) was injected at a rate of 100 nl min™ using a
micropump (UltraMicroPump, World Precision Instruments). A chronic
optical window was implanted after the viral injection procedure fol-
lowing previous methods®. In brief, the optical window consisted of a
thin-walled stainless steel cannula (outer diameter: 3 mm; inner diam-
eter:2.77 mm;length:1.50-1.60 mm) and around coverslip (diameter:
3.00 mm). The coverslip was glued to the lower end of the cannula
using ultraviolet-curable optical epoxy (Norland optical adhesive 63,
Norland). To implant the optical window, a craniotomy (stereotaxic
coordinates: 2.00 mm posterior and 1.80 mm lateral to bregma) was
first performed. Optical access to the HPC was then achieved with
careful aspiration of the overlying cortical tissue, while continuously
perfusing the parenchyma with HEPES-buffered saline. The optical
window was positioned above the external capsule, and athin layer of
instant gel adhesive (Loctite 454 Instant Adhesive, Henkel) was placed
between the skull surrounding the craniotomy and the surface of the
optical window. A customized titanium head plate was finally sealed
totheskullusinginstant gel adhesive and dental cement (Super-Bond,
Sun Medical). Atthe end of the implant procedure, antibiotics (Baytril,
Bayer) were administered to mice through intraperitoneal injection.

For cortical two-photon imaging, AAV9.hSyn.nLightG2 (1 x 10"
genome copies per ml), AAV9.hSyn.nLightG2-ctr (1 x 10" genome cop-
ies per ml, nonbinding control variant) or AAV9.hSyn.GRAB ., (6 X 102
genome copies per ml) was injected unilaterally into the primary VC
(-600 nl at a depth of 150-200 pm). A circular craniotomy (5 mm in
diameter) was sealed with a glass coverslip, and a headplate was fixed
to the skull for head fixation during imaging.

Acute brain slice preparation and imaging

Coronal LH brain slices (240 pm) were prepared from AAV-injected
mice 3-4 weeks after injection. Mice were anesthetized with isoflu-
rane and perfused with ice-cold cutting solution (75 mM NaCl, 50 mM
sucrose, 6 mM MgCl,, 2.5 mM KCl, 1.2 mM NaH,PO,, 0.1 mM CacCl,,
25 mM NaHCO;, 2.5 mM D-glucose and 5% CO,/0,). Brains were sec-
tioned (VT1200S, Leica) and incubated in artificial cerebrospinal fluid
(126 mM NacCl, 2.5 mM KCl, 1.2 mM MgCl,, 1.2 mM NaH,PO,, 2.5 mM
CaCl,,21.4 mMNaHCO,,11.1 mMD-glucose and 10 uM MK-801; 34 °C, 5%
CO0,/0,) for >45 min before two-photonimaging. nLight fluorescence
was recorded using a custom BX51WI 2PLSM (Olympus) with a x60/
1.0-NA water objective, pulsed Ti:Sapphire laser (920/1,040 nm), x-y
galvanometers and GaAsP PMTs (H10770PA-40, Hamamatsu). Spot
photometry®* (RO1157 nm, 2 kHz) or rasterized movies (FOV 30 x 40 or
80 x 110 um, 3 Hz) were analyzed in ImageJ. NE was applied exogenously

viaiontophoresis (1M NE, 5- to 100-ms pulses, 20-200 nA, retention
-10 to -20 nA) or endogenously via electrical stimulation (5 x 40 pA,
1ms, 40 Hz, interstimilus interval 1-2 min). AF/F, was calculated rela-
tive to baseline (F,: 300 ms pre-NE or average of ten frames). Spot
photometry data were analyzed in AxoGraph, and rasterized movies
were analyzed in ImageJ. Spatial AF/Fo was fitted to a Gaussian (radial
profiles, 20° increments, threshold 20). Endogenous NE release area
exceeded 2.50 of baseline. ON/OFF kinetics were determined from
low-pass-filtered (50-Hz) traces by single exponential fits.

Cued fear conditioning paradigm

Behavioral experiments began >4 weeks after surgery. After 2 days of
habituationto handling, tethering, the chamber and sound cues, mice
were placed in the fear conditioning chamber (Med Associates) with
patch cords for photometry (baseline: 10-min recording followed by ten
CS+tones (5kHz, 20 s, intertrial interval (ITI) 120 s); association: same
context, 10-min baseline followed by ten CS+tones co-terminating with
0.5-mA, 1-sfootshocks (ITI120 s); re-exposure: similar to baseline, with
anextra5-minbaseline outside the chamber before the 10-min baseline
inside before CS+ exposure).

Pose estimation with DLC

Freezing behavior was quantified from locomotor speed extracted
via DLC pose estimation®®®, Speed was computed as frame-by-frame
Euclidean distance between consecutive x-y positions, averaged
across tracked body parts (nose, headcenter, bodycenter, tailbase
and tailtip). Freezing events were defined as periods with a speed of
<2 cms™ for 21's; percent time freezing was the fraction of frames
below this threshold per time window (tone or after sound). DLC
v3.0.0rclwith aResNet-50 backbone was trained on 20 labeled frames
from three videos (95% train, one shuffle; train error 2.17 pixels, test
6.36 pixels; P, 0.6 > 6.52 pixels). Videos were acquired at 25 fps;
low-confidence frames (likelihood of <0.8) were filtered, and coordi-
nates were transformed to centimeters using a homography matrix.
Analyses were performed in Python, integrating DLC output with trial
alignment. Freezing was assessed during cue periods (20-s tones) and
full postsound epochs (tones + 2-min ITI). Normality was tested via
Shapiro-Wilk; due to small, non-normal samples, a nonparametric
mixed-design ANOVA (Pingouin) was used with condition (baseline,
association or re-exposure) within subject and indicator (nLightG2
versus control) between subject. Significant effects were followed
by nonparametric post hoc tests (pairwise_tests parametric = False),
Wilcoxonsigned-rank or Mann-Whitney U-tests, Bonferroni corrected.
Effect sizes are reported as generalized 17, and data are visualized as
mean * s.e.m. withindividual points; significance (P < 0.05, Bonferroni
adjusted) isindicated by asterisks.

Fiber photometry recordings

Fiber photometry recordings in the LH or aBLA/pBLA used a Doric
iFMC6 system (controlled by Doric Neuroscience Studio v6.1.2.0)
with alow-autofluorescence patch cord (400 pum, 0.57 NA). nLightG2/
nLightG were excited at 465 nm and nLightR/nLightR2/PinkyCaMP
at 560 nm, and 405 nm was used as control. Excitation signals were
sinusoidally modulated (208 and 572 Hz for 405/465 nm; 333 Hz for
560 nm), demodulated online and low-pass filtered at 12 Hz.

For dHPC recordings (-3 weeks after surgery), animals were habitu-
ated to handling, the setup and head fixation. Fiber photometry was
performed with pyPhotometry®® using 562.5/15-nm (nLightR2) and
405/10-nm (control) LEDs through a dichroic cube, with emission col-
lected via Doric detectors. Excitation intensities at the brain tip were
170-220 pW. Pupil diameter was recorded simultaneously withamono-
chrome camera (DMK 33UX249) through a macro-objective, illuminated
with850-nminfrared and dim blue LED. LC optogenetic stimuli (20 ms,
20 Hz, 4 s) were delivered via MATLAB-controlled digital-to-analog
converter (DAC) driving afiber-coupled 488-nmlaser (3-4 mW).
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Sleep recordings in the home cage used a Doric system (Fluores-
cence Mini cube with 405-, 475- and 560-nm LEDs, iIFMC6-G3, FPC).
Excitation LEDs were modulated at 208.615, 572.205 and 333.786 Hz,
delivered viathe opticfiber, with emission demodulated and acquired
viathe console (tip power: 12.5 pW (405 nm), 25 pW (475 and 560 nm)
to minimize bleaching during 6-12 hrecordings).

Data analysis of photometry recordings during fear
conditioning experiments

Raw photometry datawere analyzed using custom MATLAB scripts. Sig-
nals were first denoised with low-pass Butterworth filters (green:10 Hz,
order2;red:5Hz, order 3; PinkyCaMP: 5 Hz, order 2). Photobleaching
was corrected viadouble exponential detrending, and motion artifacts
were corrected by linearly fitting the 405-nm control signal to the
functional signal and subtracting the estimated motion component.
Signals were then normalized by the bleaching fit and multiplied by
100 for AF/F, (%). For TL trials, the baseline was defined as 20 s before
the event. The zscores were computed by subtractingthe meanof15s
before the cue and dividing by its standard deviation. Trial averages
were computed per mouse and then across the cohort; AF/F,or z-score
signals were smoothed with an 80-point moving mean. Peak zscores
were taken during tone or cue-footshock periods. Cumulative signal
was quantified by area under the curve (AUC; trapz function) on mean
trial zscores, and cohort averages were plotted.

Data analysis of photometry recordings during optogenetic
stimulation

Pupil diameter was extracted from videos using DeepLabCut*® and
custom MATLAB scripts"” and then low-pass filtered (third-order But-
terworth, 10 Hz). Photometry (560-nm) traces were processed with
a three-point moving median to remove single-sample outliers, cor-
rected for photobleaching viadouble exponential least squares fit and
low-pass filtered (third order,10 Hz). The 405-nm excited photometry
trace was treated in the same way to serve as a control channel, but
given that contributions to the overall fluorescent signal (fiber auto-
fluorescence, native tissue fluorescence and indicator fluorescence)
likely differ for both channels®, the 560-nm evoked fluorescence was
not corrected using the 405-nm excited control trace. Preprocessed
traces were cropped around each stimulation (10/30 s before/after),
zscored for photometry (mean subtracted, divided by prestimulus
standard deviation) and normalized for pupil (divided by median
prestimulus diameter). AUC was calculated for averaged z-scored
photometry and pupil traces during optogenetic stimulation.

Data analysis of photometry recordings during sleep
experiments

The sleep data were scored in 4-s epochs using the EEG/EMG signals
according to standard procedures using a custom semiautomated
MATLAB-based software (VeryScore 2.0)'*°. AF/F, signals were
extracted asfollows. For the greenemission (jGCaMP8f), F, was defined
by the fitted calcium-independent isoemissive signal (violet excita-
tion), following ref. 88. For red emission (nLightR2 or nLightR2-ctr), F,,
was derived from a fifth-degree polynomial fit to the signal collected
under 560-nm excitation®’. Representative examples were generated
from long (=90 s) NREMS bouts, including microarousals, for which
simultaneous EEG, EMG and fiber photometry signals were collected.
All photometry signals were z scored using SciPy’s zscore function.
EEG spectrograms were computed by Gabor-Morlet wavelet trans-
forms of bipolarized EEG signals. The EMG signal was bipolarized and
high-passfiltered (Chebyshev, 0.25-Hz cutoff), and its lower envelope
wasretained. LC-associated peaks in the jGCaMP8f signal were identi-
fied by low-pass filtering (0.5 Hz, finite input response (FIR) =100)
and correction using the lower envelope filtered at 0.1 Hz. Peaks with
prominence above the 60th percentile were detected using SciPy’s
‘find_peaks’ function, with additional exclusion criteria based on

amplitude and proximity to wake episodes®’. For cross-correlations
between jGCaMP8f and nLightR2 (or nLightR2-ctr), peaks not associ-
ated with microarousals (<12-s awakenings) were retained. Correspond-
ing100-s signal windows centered on each peak wereisolated, zscored
and cross-correlated (SciPy’s ‘correlate’ function). Mean values were
extracted within +10-s lags. Data distributions were tested for normal-
ity and homoscedasticity; when normality was not met, comparisons
were performed using Mann-Whitney U-tests. For assessing temporal
differences between jGCaMP8fand nLightR2 (or nLightR2-ctr) around
activity peaks, z-scored traces within £10 s of detected peaks were
averaged and compared statistically.

Two-photoninvivo imaging in the HPC
Two-photoninvivoimaging was performed in awake, head-fixed mice
usingapreviously described custom setup”®*. nLightR2 and GCaMPé6f
signals were recorded with a galvo-resonant scanhead (Ultima Inves-
tigator, Bruker), a x16/0.8-NA objective (Nikon) and multialkali pho-
tomultipliers. To identify optimal nLightR2 excitation, wavelengths
from 920 t01,060 nm (10- to 20-nm steps) were tested with a tunable
Chameleon Ultra Il laser at constant 50-mW power, recording 2-min
t-series in the hippocampal pyramidal layer in both green and red
channels while mice ran or stayed still. For experiments, nLightR2
was excited at 1,040 nm and GCaMP6f at 920 nm using independent
Ti:Sapphire lasers, with beam divergence adjusted via x2 telescopes
and alignment mirrors to ensure proper back-aperture fillingand <1 um
focal displacement, verified with 100-nm fluorescent beads. Imaging
in the CAl used ~80 mW per beam; emission signals (525/70 nm and
595/50 nm) were collected, amplified, digitized (12-bit) and recorded
at~-30 Hz, 512 x 512 pixels, 0.53-pum pixel size and 3x optical zoom. Mice
were habituated 1month after surgery, specifically two brief handling
sessions followed by five progressively longer head fixation sessions
(up to 45 min) on a custom wheel (8-cm radius, 9-cm width), allowing
free movement.

Experiments in virtual reality

We used Blender (v.2.78c¢) to create a virtual reality corridor (180 cm
long and 9 cm wide) displayed across five screens, with three white
textures (vertical lines, mesh, circles) onablack background. The char-
acter’sviewpoint spanned 220° horizontally and 80° vertically. Animal
movement on a custom wheel with an optical rotary encoder® (Avago,
AEDB-9140-A14) was rendered 1:1in the virtual corridor, with signals
processed by an Arduino Uno R3. Water rewards (-4-pl drops) were
delivered viaasolenoid-controlled lick port, and licks were monitored
by a capacitive sensor. Imaging and behavioral setups were synchro-
nized via the start-of-frame TTL signal. Mice were teleported to the
corridor start after reaching the endpoint; each crossing was a trial
witha5-sITI, and trials exceeding 120 s were terminated. One to 2 weeks
before virtual reality experiments, mice underwent water scheduling
(-1 ml per day) tomaintain 80-90% of prescheduling weight. Mice were
trained to receive rewards after running on the wheel over approxi-
mately five sessions with pseudorandom water delivery. Two-photon
imaging in the CAl pyramidal layer (80-150 pm depth) began on the
firstvirtual reality exposure. For single-color experiments, FOV record-
ings lasted multiple consecutive days (nLightR2: days1-5; nLightR2-ctr:
days1-2), with water reward locations gradually shifted from 85 cmto
145 cm. Dual-color experiments (nLightR2 + GCaMP6f) used a fixed
reward at 85 cm. Each imaging session included three to four ¢-series
(7,500-12,500 frames; ~250-415 s) interleaved with 3- to 4-min breaks,
after which mice returned to their home cage.

Analysis for two-photon imaging datain the HPC

t-Series were analyzed using previously reported Python v.3.6 code.
Motion artifacts were corrected per t-series using their average
projection as reference; multiple ¢-series from the same FOV were
aligned viax-ydrifts and concatenated into a session movie, which
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was finally motion corrected against its average projection as in'**%,

Across-day FOV alignment was performed by stacking average pro-
jections from each session, computing x-y shifts and applying
themto all frames. Dual-color experiments were motion corrected
separately for red (nLightR2) and green (GCaMP6f) channels. Axial
displacements were assessed via the structural similarity index”
relative to session averages; frames with a structural similarity index
of <0.9 were excluded (<1% of frames, except one animal excluded
for <95%). Fluorescence signals were extracted either across the
FOV or locally using a 32-pixel (-17-pm) grid for nLightR2 ROIs with
CITE-On". In dual-color experiments, astrocytic GCaMP6f signals
were segmented using ASTRA®, with proximal processes parceled by
k-means clustering (Max_Roi_Area_Proc = 50 pm?). Running epochs
were defined as intervals where speed exceeded 1 cm s™, preceded
by 2 sbelow1cms™and followed by 5sabovelcms™; reward epochs
were based on crossing reward positions. Event-triggered averages
used a —2- to 5-s window around epoch onset. Fluorescence was
expressed as AF/F,=(F,- F,) / F,, with Fyas the mean intensity in -2
to O sand traces filtered with a500-ms mean filter. Pearson correla-
tionsbetween ROl pairs were computed (self-correlations removed),
and shuffled traces, least squares models and hierarchical clustering
followed prior methods. For t-series acquired at different excitation
wavelengths, motion correction was applied per channel. Frame
intensity distributions were analyzed (mean, 25th, 50th, 75th and
90th percentiles), and median values over 3,600 frames per t-series
were used for wavelength comparisons.

Two-photoninvivo imaginginthe VC

Invivo calciumimaging was performed using a Bergamo Il two-photon
microscope (Thorlabs) controlled by Scanlmage. A Chameleon Vision
Ti:sapphire laser (Coherent) tuned to 920 nm was used to excite
the indicators. Fluorescence was collected through a x16/0.8-NA
water-immersion objective (Nikon). Volumetricimaging (four or eight
planes, 25-pm spacing) was performed at a total frame rate of 30 Hz
(3.75 or 7.5 Hz per plane), with each image acquired at 512 x 512 reso-
lution. Laser power ranged from 30 to 50 mW at the sample and was
matched across indicators. Each animal was imaged over two to four
sessions, spaced over multiple days to ensure sufficient sampling of
both spontaneous and evoked activity. Mice were head fixed on afreely
rotating running wheel. Locomotion was continuously tracked using
an optical encoder (Kuebler). Visual stimuli were presented on iPad
(Apple) LCD monitors positioned in front and laterally of the mouse.
Looming stimuli were interleaved with 5 min of gray screen intervals.
Forcedlocomotion trials were conducted by gently rotating the wheel
while mice were head fixed.

Analysis for two-photon imaging data in the cortex

Raw time series data were corrected for lateral motion using a mul-
tipass rigid alignment approach. A reference frame was constructed
from the top-correlated subset of stationary frames, and shifts were
computed using phase correlation. Aligned frames were tiled into
nonoverlapping square ROIs (tiles), and per-tile fluorescence was
extracted by averaging pixel intensity within each tile. AF/F,was com-
puted as using F, as a rolling baseline, calculated per tile to preserve
local dynamics. The z-scored responses were computed using the
baseline mean and standard deviation from a 10-s prestimulus win-
dow. Spontaneous and stimulus-evoked events were quantified per
tile and per animal. Metrics included mean and peak AF/F, (raw and
zscored) in a 20-s window after loom onset, standard deviation and
range of responses and time-to-peak from stimulus onset. To charac-
terize modulation across behavioral states, we computed regression
slopesbetween stationary and running mean AF/F,responses across
tiles. Group-level comparisons were performed using Kolmogorov-
Smirnov tests (tile-level distributions), paired/unpaired ¢-tests and
Wilcoxon tests (mouse-level summaries) and Cliff’s 6 and Cohen’s

dfor effect size estimation. Raw time series data were corrected for
lateral motion using a multipass rigid alignment approach based on
phase correlation. A reference frame was generated from the most
correlated subset of stationary frames, and shifts were applied to
all frames accordingly. Motion-corrected movies were divided into
nonoverlapping square ROIs (tiles), and per-tile fluorescence traces
were obtained by averaging pixel intensities within each tile. AF/F,
was computed using a rolling baseline (F,) defined per tile to pre-
serve local dynamics. The z-scored responses were calculated using
the baseline mean and standard deviation from a 10-s prestimulus
window. Spontaneous and stimulus-evoked events were quantified
per tile and per animal. Extracted metrics included mean and peak
AF/F, (raw and z scored) in a 20-s poststimulus window, response
standard deviation and range and latency to peak from stimulus
onset. To characterize modulation across behavioral states, regres-
sion slopes were computed between stationary and running mean
AF/F,responses across tiles. Group-level comparisons were performed
using Kolmogorov-Smirnov tests for tile-level distributions, paired
or unpaired t-tests and Wilcoxon signed-rank tests for mouse-level
summaries and Cliff’s § and Cohen’s d for effect size estimation. To
disentangle the relative influence of sensory and behavioral factors
on noradrenergic activity, a GLM was fitted to the per-tile AF/F, time
series of nLightG2-expressing mice. The model included regressors
for looming stimulus epochs, running speed and their interaction.
The full model was formulated as:

F(O) = Bo + B L + B R(®) + B3 [L(O) X R(O] + £(8)

where F(t) denotes fluorescence at time ¢, L(¢) represents binary loom
epochs, R(¢t) represents continuous running speed, and £(¢) represents
the residual error. Model fits were evaluated using the coefficient of
determination (R?), which quantifies the proportion of variance in
fluorescence explained by the model. The relative contribution of
each predictor (AR?) was calculated as the reduction in explained vari-
ance whenthat predictor was removed from the model (leave-one-out
approach). R? and AR? values were computed per tile, averaged per
animal and visualized as tiled heat maps to assess spatial distribu-
tions of sensory and behavioral modulation. Statistical comparisons
across predictors were performed using Friedman and Wilcoxon tests
(two-sided) across mice.

Immunohistochemistry

To verify adequate transgene expression, animals used for optogenetic
experiments were transcardially perfused (50 ml of PBS and 50 ml of
4% paraformaldehyde in PBS) under deep, terminal ketamine/xylazine
anesthesia (180/24 mg per kg (body weight), intraperitoneal). Brains
were extracted, postfixed in 4% paraformaldehyde (4 °C for 24 h),
embeddedin 3% agarose and sliced into ~50-pum coronal slices using a
vibratome (Microm HM 650V, Thermo Scientific). Nonspecific bind-
ing sites were blocked (10% normal goat serum and 0.3% Triton X-100
in PBS) for 2 h at room temperature before incubating LC slices with
primary antibodies (chicken anti-GFP (1:500; A10262, Thermo Fisher
Scientific) to visualize ChR2-eYFP and rabbit anti-TH (1:1,000; AB152,
Merck Millipore) to visualize tyrosine hydroxylase-expressing neurons
inthe LC) in carrier solution (2% normal goat serum and 0.3% Triton
X-100inPBS, 48 h, 4 °C). Slices were then washed in PBS (three times for
10 mineach) beforeincubation with secondary antibodies (Alexa Fluor
488 goat anti-chicken (A11039, Thermo Fisher Scientific) and Alexa
Fluor 647 goat anti-rabbit (A32733, Thermo Fisher Scientific); both
diluted 1:1,000 in carrier solution) overnight at 4 °C. Subsequently,
slices were washed again (three times for 10 min in PBS) before mount-
ing them on microscope slides using Roti-Mount Fluor Care (HP19.1,
CarlRoth). dHPCslices were mounted on microscope slides unstained.
Slices wereimaged with an epifluorescence microscope (AxioScan 71,
Zeiss; Plan-Apochromat x10/0.45-NAM27, Zeiss, for overview images;
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Plan-Apochromat x40/0.95-NA Korr M27 for detailed LC images), and
images were processed using Image] (Fiji).

For dual-color sleep experiments in the LC, mice were perfused
with 4% paraformaldehyde after pentobarbital overdose. Brains were
sectioned at 50 pm using a manually guided freezing microtome. LC
sections were washed (three times with 0.3% Triton X-100 in PBS) and
incubated 1-1.5 h with mouse anti-GFP (1:150; Roche, 1814460) and
rabbit anti-mCherry (1:1,000; ab167453, Abcam), followed by goat
anti-mouse Alexa Fluor 488 (1:1,000; Jackson ImmunoResearch, 115-
545-003) and donkey anti-rabbit Alexa Fluor 594 (1:1,000; Thermo
Fisher Scientific, R37119) secondary antibodies. Sections were rinsed
with 0.1 M phosphate buffer, mounted onslides and fixed with Mowiol.
Images were acquired with three microscopes: a Nikon SMZ25 ster-
eomicroscope (DS-Ri2) for brightfield fiber localization, a Nikon Ti2
spinning disk (DS-Qi2) for whole-hemisphere viral expression and a
Leica Stellaris 8 (K5sCMOS) for LC fluorescence.

Mice used for in vivo two-photon imaging were intracardially
perfused with 4% paraformaldehyde in PBS after deep anesthesia with
urethane. Brains were then fixed overnight at4 °C and subsequently cut
into coronalslices of 50 pm thickness. Cell nuclei were counterstained
with Hoechst 33342 (50 pM), incubating the slices for 20 min at room
temperature. Samples were mounted on glass slides using Fluoro-
mount (Sigma-Aldrich) and coverslipped. Fluorescence images were
acquired withaLeicaSP5inverted confocal microscope (x40/1.25-NA
oilimmersion objective, Leica). Fluorescence excitation was performed
sequentially using 561-, 488- and 405-nm laser lines. Fluorescence
detection was performed using spectral PMTs with bandpass settings at
525/70 nm, 595/50 nmand 455/70 nm for green, red and blue channels,
respectively. Red and green channels were acquired simultaneously
during either 561-nm or 488-nm excitation, emulating the detection
configuration used in two-photon multiplexed imaging experiments.
Excitation power was maintained constant for both 561- and 488-nm
lasers. The blue channel was acquired separately. Images were acquired
with the pinhole set to 1 Airy unitand line average set to 2, as 512 x 512
pixel frames with 0.197-um pixel size.

Statistical analysis

Statistical analyses were performed using GraphPad Prism or cus-
tom Python scripts. Two-tailed unpaired ¢-tests, two-way ANOVAs or
nonparametric equivalents (Mann-Whitney U-test, when normality
was violated per Shapiro-Wilk test) were used. Post hoc compari-
sons used Sidak’s, Tukey’s or Dunnett’s tests as appropriate. Linear
mixed-effects models were computed with Statsmodels v0.9.0. Data
are presented as mean + s.e.m., withsignificance denoted as*P < 0.05,
*P<0.01,**P<0.001and **P < 0.0001; exact values are reported in
Supplementary Tables 1-3. Histology confirmation for photometry
experiments was conducted in at least two slices per mouse. Micro-
graphsinfigures show a representative image of each group.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

DNA and protein sequences for theindicators developed in this study
were deposited on NCBI (accession numbers: PP861025-PP861028) and
are available in the Supplementary Note. DNA plasmids used for viral
production have been deposited both on the UZH Viral Vector Facility
(https://vvf.ethz.ch/) and at AddGene (plasmid 221672-221675). Viral
vectors can be obtained either from the laboratory of T.P. or the UZH
Viral Vector Facility. Source data are provided with this paper.

Code availability
Custom MATLAB code used inthis work s available on GitHub at https://
github.com/PatriarchiLab/nLightG2 under a GNU v.3 license.
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Extended Data Fig. 1| Development of nLightR2 and nLightG2. a, Partial
alignment of the amino acid sequence of RdLightl with rGRABy,,,. Regions
grafted from RdLightlin the engineering of nLightR are shown in pink. Red
letters mark the five point mutations in rGRABy,,,,, relative to RdLightl. b-c,
Dynamic range (meanzs.e.m.) of nLightR and combinatorial variants in response
to NE (10 uM). The presence (green) or absence (white) of each mutation is
indicated. d, Dynamic range (mean +s.e.m.) of nLightR, nLightR1.1 (Q237K,
H242M, A484H), and nLightR2 (Q237K, H242M, A484H, C-terminal truncation

at Q595) in HEK293T cells following NE (10 pM). Two-tailed Student’s t-test with
Welch’s correction: ***P = 7.878x107° (n = 42 cells, six experiments). e, Basal
brightness and surface expression (meanzts.e.m.) of nLightR and nLightR2 in
HEK293T cells by confocal microscopy. Expression was quantified by FLAG
staining, and fluorescence intensities were normalized to nLightR (n = 6 ROIs, six
experiments). f, Apparent molecular basal brightness (normalized by expression
level) of nLightR and nLightR2; no significant difference (p = 0.402). g, Dynamic

range (meanzs.e.m.) of nLightR2 and the inactive mutant nLightR2-ctr (D129A)
inresponse to NE (10 pM); p = 0.239. h, Confocal image of HEK293T cells
expressing nLightR2-ctr. Scale bar, 20 um. Representative of four independent
experiments. i, Partial alignment of dLight1.3b with gGRAB,,,,.. Grafted regions
from dLight1.3b used for nLightG are in green. Red letters indicate six point
mutations in gGRAB 3., j, Dynamic range (meants.e.m.) of nLightG, nLightG1.1
(S239N, N243Y,K260G, D441W, N444F), and nLightG2 (same mutations plus
C-terminal truncation at Q594) upon NE (10 pM). p = 2.891x10°% (n = 21 cells, three
experiments). k, Basal brightness and surface expression of nLightG, nLightG2,
and GRABy,... I, Apparent molecular basal brightness of nLightG, nLightG2,
and GRABy,m; NLightG2 vs GRABy,m: p = 5.918x107%; nLightG vs nLightG2:

p =0.220.m, Dynamic range of nLightG2 and nLightG2-ctr (D129A); p = 0.256.
n, Confocalimage of HEK293T cells expressing nLightG2-ctr. Scale bar, 20 pm.
Representative of four independent experiments.
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Extended Data Fig. 2 | Further in vitro characterization of nLightR2 and
nLightG2. a, Fluorescence response (mean +s.e.m.) of nLightR2 to HBSS or
HBSS supplemented with neurotransmitters (10 pM). Data from six (NE) or three
(others) independent experiments with n =42 (NE) or n = 21 (others) cells. One-
way Welch ANOVA with Dunnett’s T3 test: NE, p<10~*; Epi, p<10™; DA, p<10™%;
5-HT, p=0.999; GABA, p = 0.779; His, p = 0.955; Glu, p = 0.998; Ach, p = 0.907;
Ado, p=0.681.b, Same asin (a) for nLightG2. Data from three independent
experiments with n =21 cells per ligand. Welch ANOVA with Dunnett’s test: NE,

p <107 Epi,p<10™;DA,p<107*;5-HT, p <10™; GABA, p = 0.971; His, p = 0.976;
Glu, p=0.527; Ach, p =0.994; Ado, p = 0.999. ¢, Fluorescence dose-response

of nLightR2 (stably expressed in HEK293T cells) to NE and DA. Curves fitted

with four-parameter models to determine ECso values (n =3 wells per point;
mean ts.e.m.).d, Same as in (c) for nLightG2. e, Same as in (c) for GRAByg,,. f,
One-photon excitation and emission spectra of nLightR2 (transiently expressed
inHEK293T cells) in unbound (dashed) and NE-bound (10 pM, solid) states.

Data from four independent experiments (n = 4 wells total). g, Same as in (f) for
nLightG2 (n =3 wells, three experiments). h, Two-photon excitation spectra of
nLightR2in HEK293T cells. Spectra normalized to Apo form at 1020 nm; ratio
between saturated (Sat) and Apo shown as dotted line (n =3 dishes). i, Same asin
hfornLightG2, normalized to Apo form at 950 nm. All experiments repeated at
least three times with consistent results.
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Extended Data Fig. 3 | Intracellular signaling characterization of nLightR2
and nLightG2. a, Calcium signals in HEK293T cells expressing GCaMPé6s with
either wild-type sperm whale A1AAR (swA1AAR, left) or nLightR2 (right) upon
sequential addition of NE (10 uM) and ionomycin (10 pM). GCaMP6s dynamic
range was normalized to the ionomycin-induced maximal signal. Data from
fourindependent experiments, n = 28 cells for both swA1AAR-GCaMP6s and
nLightR2-GCaMPé6s. b, Quantification of (a): normalized GCaMPé6s response to
NE (10 pM) with wt receptor vs. nLightR2. Two-tailed Student’s t-test with Welch’s
correction, P=1.808x107%. ¢, Same as in (a), but for swA1AAR or nLightG2 co-
expressed with the red calcium indicator jJRGECO1a. Data from four experiments,
n=21cells for swA1AAR-jRGECO1a and nLightG2-jRGECO1a. d, Quantification of
(c):P=3.071x10"%. e, Schematic of the NanoLuc complementation assay. Both
receptor/indicator-SmBiT fusion and LgBiT-miniG fusion are exogenously
expressed. Ligand-induced receptor activation recruits tagged miniG-proteins,
restoring NanoLuc activity and generating luminescence. f, Time traces showing

miniGq/s/i or B-arrestin2 recruitment to swA1AAR (gray), nLightG2 (green),

or nLightR2 (magenta) after NE (10 pM) stimulation, or to hmGLPIR upon

GLP1 (100 nM) stimulation. Recruitment causes NanoLuc complementation
between SmBIT (fused to receptor) and LgBiT (fused to miniG or 3-arrestin2).
Luminescence was normalized to control (no ligand). Data are mean + s.e.m.;
nindependent experiments: miniGq, nLightR2 (3), nLightG2 (3), swA1AAR (6);
miniGs, nLightR2 (3), nLightG2 (3), swA1AAR (6); miniGi, nLightR2 (3),
nLightG2 (3), swAlAAR (6); B-arrestin2, nLightR2 (6), nLightG2 (6), GLPIR (4).
g, Statistical analysis of (f). Mean normalized luminescence (mean + s.e.m.) after
NE (10 puM) or GLP1 (100 nM) addition compared between swA1IAAR/hmGLPIR
and nLight sensors. Two-tailed Student’s t-test with Welch’s correction: miniGq,
SWAIAAR vs. nLightG2 ***p = 4.602x107, vs. nLightR2 ***p = 4.322x107;
miniGs, ***p =1.568x107 (nLightG2), ***p = 1.802x107° (nLightR2); miniGi,
¢ =2.307x107° (nLightG2), **p = 6.508x10* (nLightR2); B-arrestin2,

“xp =1.418%x107'° (nLightG2), ***p = 6.026x1072 (nLightR2).
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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 =5 mice; 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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and nLightG2-ctr::PinkyCaMP (bottom). Solid lines represent the mean +/- SEM
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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 = O 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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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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chicken anti-GFP (1:500; Thermo Fisher Scientific, cat#A10262);
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rabbit a-TH (1:1000; Merck Millipore, cat#AB152)
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802-805 (1994)
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rabbit anti-mCherry has been validated by Abcam and its use in immunofluorescence has been verified by Yang N et al, Nat Commun
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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.
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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.
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