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Genetically encoded indicators engineered from G-protein-coupled
receptors areimportant tools that enable high-resolutionin vivo
neuromodulator imaging. Here, we introduce a family of sensitive multicolor
norepinephrine (NE) indicators, which includes nLightG (green) and nLightR
(red). These tools report endogenous NE release in vitro, ex vivo and in vivo
with improved sensitivity, ligand selectivity and kinetics, as well as a distinct
pharmacological profile compared with previous state-of-the-art GRAB,
indicators. Using in vivo multisite fiber photometry recordings of nLightG,
we could simultaneously monitor optogenetically evoked NE release in the
mouse locus coeruleus and hippocampus. Two-photonimaging of nLightG
revealed locomotion and reward-related NE transients in the dorsal CAl
areaof the hippocampus. Thus, the sensitive NE indicators introduced here
represent animportant addition to the current repertoire of indicators and
provide the means for athorough investigation of the NE system.

The development of genetically encoded fluorescentindicators based
on engineering of circularly permuted green fluorescent protein
(cpGFP) into G-protein-coupled receptors (GPCRs), hereafter called
GPCR-based indicators, permits the in vivo optical detection of
neuromodulators with high spatial and/or temporal resolution'?. These
indicators complement previously available techniques for monitoring
neuromodulatorsinvivo (microdialysis, fast-scan cyclic voltammetry,
CniFERs, iTango)"”. The addition of red indicators to this class of tools
further expanded potential applications, for example by enabling their
combinationwithbluelight-excited optogenetictools or multiplexed

imaging of neurotransmitters®*. However, red indicators are so far only
available for detecting dopamine (DA).

The neuromodulator NE carries out important functions in the
brain, including the regulation of wakefulness, alertness and the
response to stress, among others>®. Despite the growing need for
toolstodirectly probe NEinvivo their availability is currently limited,
due partly to the labor-intensive screening efforts required for their
development’. Infact, alarge number of GPCR-based indicator variants
(typically hundreds to thousands) needs to be screened inmammalian
cells to identify candidate protein variants with suitable properties

'Institute of Pharmacology and Toxicology, University of Ziirich, Ziirich, Switzerland. 2Optical Approaches to Brain Function Laboratory, Istituto Italiano di
Tecnologia, Genoa, Italy. *Research Group Synaptic Wiring and Information Processing, Center for Molecular Neurobiology Hamburg, University Medical
Center Hamburg-Eppendorf, Hamburg, Germany. “Department of Neurophysiology, MCTN, Medical Faculty Mannheim, Heidelberg University, Mannheim,
Germany. °Institute for Neuroscience, Department of Health Sciences and Technology, ETH Zirich, Zirich, Switzerland. ®Cellular Neurobiology,
Department of Biology and Biotechnology, Ruhr University Bochum, Bochum, Germany. Neuroscience Center Zurich, University and ETH Zirich, Ziirich,

Switzerland. These authors contributed equally: Zacharoula Kagiampaki, Valentin Rohner, Cedric Kiss. [<le-mail: patriarchi@pharma.uzh.ch

Nature Methods | Volume 20 | September 2023 | 1426-1436 1426


http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-023-01959-z
http://orcid.org/0000-0002-2061-1701
http://orcid.org/0000-0001-9800-4381
http://orcid.org/0000-0001-9028-5967
http://orcid.org/0000-0003-4490-6835
http://orcid.org/0000-0002-9154-4833
http://orcid.org/0000-0003-2958-2772
http://orcid.org/0000-0003-0212-0324
http://orcid.org/0000-0002-0894-9996
http://orcid.org/0000-0002-0431-9866
http://orcid.org/0000-0001-6673-198X
http://orcid.org/0000-0002-9089-0689
http://orcid.org/0000-0002-8442-653X
http://orcid.org/0000-0003-0802-7278
http://orcid.org/0000-0003-0893-9349
http://orcid.org/0000-0003-2718-7533
http://orcid.org/0000-0001-9351-3734
http://crossmark.crossref.org/dialog/?doi=10.1038/s41592-023-01959-z&domain=pdf
mailto:patriarchi@pharma.uzh.ch

Article

https://doi.org/10.1038/s41592-023-01959-z

for in vivo applications*””. Current state-of-the-art NE indicators
(GRABy;) enable optical detection of NE in vivo, but are based solely
onanAlpha-2aadrenergicreceptor (AR) (Alpha-2 AR) scaffold’. A diver-
sification of the currently available toolkit would thus be desirable.

Here, we developed next-generation NE indicators by using a
previously unexplored receptor subtype. Adopting an Alpha-1a adre-
nergic receptor (Alpha-1 AR) as a scaffold, we engineered nLightG
and nLightR, two sensitive green and red fluorescent NE indicators,
respectively. We benchmarked these tools in multiple experimental
settings and demonstrated that they exhibit a distinct pharmacological
profile, as well as improved sensitivity, ligand selectivity and kinetics
compared with astate-of-the-art GRAB, indicator. Using these sensors,
we could accurately detect endogenous NE release both ex vivo and
invivowith avariety of techniques (widefield imaging, multisite fiber
photometry and two-photon microscopy). Our family of NE indica-
tors offers ready-to-use tools for a more complete investigation of
NE physiology.

Results

Development of multicolor NE indicators

Despite the large sequence diversity of GPCRs, their structures
and activation mechanisms are conserved'®, and their seven trans-
membrane helices typically align well in space". Thus, to expand the
family of NE indicators we explored a grafting-based approach. Here,
domains from the previously optimized green and red fluorescent
DA indicators dLight1.3b® and RdLightl (ref. 3), comprising the
circularly permuted fluorescent protein as well as parts of transmem-
brane helices V and VI were directly grafted onto target Alpha-1 ARs
of choice.

Given that currently available NE indicators are green, we first
tested our strategy by attempting the development of ared fluorescent
NEindicator, generating five indicator prototypes based on Alpha-1ARs
from different species (house mouse, budgerigar, king cobra, zebrafish
andspermwhale). The fluorescent protein module was inserted accord-
ingtoasequence alignment based on the Ballesteros-Weinstein (BW)
numbering scheme'?. Of note, structural alignment of the sperm whale
Alpha-1AR (swAlpha-1 AR) with the human DA receptor D1 (hmDRD1)
(Supplementary Fig. 1) also indicated structural conservation at the
insertion positions chosen based on BW numbering. All five prototype
indicators were detectable on the membrane of transiently transfected
HEK293T cells and gave a positive fluorescence response (AF/F,) in
the range 0f 100% to 180% upon addition of 10 uM NE (Extended Data
Fig.1a,b). The indicators based on the sperm whale, budgerigar and
zebrafish Alpha-1 ARs showed the highest basal brightness and were
selected for the determination of the EC5, of NEand DA. Of these three
indicators, the sperm whale-based indicator was selected for further
development as it showed both high sensitivity and selectivity for NE
(ECsonpy = 574 nM, ECyp ppy = 21.5 pM) (Extended DataFig. 1c,d). We then
tested whether the same approach could work for the development of

green fluorescentindicators by using anequivalent fluorescent protein
module from dLight1.3b. The resulting NE indicator showed a AF/F,
response of approximately 1000%. To check whether the selected BW
registries of the two modules were optimal, we systematically varied
them in a parallel fashion. While the first prototype of the green fluo-
rescent NE indicator showed the largest dynamic range, we identified
an improved grafting registry for the red fluorescent NE indicator
(Extended DataFig.le-g).

Inprevious work, we discovered that mutationsin the intracellular
loop 2 (ICL2) can increase the fluorescence response of GPCR-based
indicators**’. Given the close proximity of the ICL2 region to trans-
membrane helices V and VI (Supplementary Fig. 1), we reasoned
that also ICL2 grafting should be tested in the modular approach for
engineering GPCR-based indicators. We grafted a module contain-
ing parts of helices Ill and IV and the entire ICL2 from dLight1.3b or
RdLightlonto the corresponding NE indicator prototypes. Thisled to
animprovementinthe fluorescent response for the red indicator, but
not for the greenindicator. Importantly, grafting the ICL2 substantially
improved the selectivity for NE versus DAinbothindicators (Extended
DataFig.1h-k).

Invitro characterization of nLightG and nLightR

We next focused on characterizing the invitro properties of our green
and red fluorescent NE indicators (named nLightG and nLightR,
respectively) (Fig. 1a). Both indicators localized well to the cell mem-
brane and exhibited a similarly large fluorescence response upon
stimulation with 10 uM NE in HEK293T cells and rat cortical neu-
rons (AF/Fy uekaost = 1,083 £ 47%, AF/Fy eurons = 671 £ 21% for nLightG;
AF/Fouexaost = 158 £ 4%, AF/Fy neurons = 113 £13% for nLightR; mean £ s.e.m.;
Fig. 1b-d). The activation of both indicators was fully reversed upon
application of asmall molecule Alpha-1AR antagonist (trazodone (Trz);
Fig.1c,d), in contrast to the GRABy;,,,indicator, which was not affected
by Trz but was instead fully inactivated by the Alpha-2 AR antagonist
yohimbine (Yoh) (Extended Data Fig. 2a), highlighting the distinct phar-
macological profiles of the two indicator classes. Furthermore, adirect
comparison between nLightGand GRABy,,,in HEK293T cells revealed
thattheindicators have similar basal brightness (Extended DataFig. 2b).
Spectral characterization of the indicators in HEK293T cells revealed
peak one-photon excitations (A.,) at 498 nm and 566 nm and peak
emissions (.., at 516 nm and 594 nm for nLightG and nLightR, respec-
tively (Extended Data Fig. 2b,c). nLightG was also excitable through
two-photonillumination, whichshowed peak performance at 920 nm
(Extended DataFig.2d). Akey feature of GPCR-based fluorescentindica-
torsistheirinherent, naturally evolved molecular specificity. We tested
apanel of eight neurotransmitters at a high concentration (10 uM) on
nLightG and nLightR to check whether the molecular specificity of
theswAlpha-1ARis conserved despite the changesintroduced during
theindicator-engineering process. As expected, only NE, epinephrine
and (to a much lower extent) DA induced a significant fluorescence

Fig.1|Invitro properties of nLightG and nLightR. a, Structural models of
nLightG (left) and nLightR (right) generated using ColabFold*. b, Representative
images of HEK293T cells and neurons expressing nLightG or nLightR before/
after application of NE (10 pM) and corresponding pixel-wise AF/F, heatmaps.
White insets indicate surface expression of the indicators over white dashed
lines. Scale bars, 10 pm (HEK293T), 20 um (neurons). ¢, Left, timelapse of
fluorescence of response (AF/F,) of nLightG in HEK293T (dark green) or neurons
(light green) upon application of NE (10 pM) followed by application of Trz

(10 pM). Right, quantification of maximal AF/F, responses from left. Two-tailed
Students t-test with Welch'’s correction; n = 3 independent experiments with
n=22cells (HEK293T), n =18 cells (neurons). ****P=2.979 x 107¢ (HEK293T),
**+p=8 558 x107" (neurons). d, Same as in ¢ for nLightR. n =3 independent
experiments with n =21 cells (HEK293T), n = 6 cells (neurons). ***P=5.922 x 107
(HEK293T), ***P=0.004 (neurons). e, Fluorescence dose-response curves of
nLightG (left) and GRABy,,, (right) for NE and DA in HEK293T cells normalized to

the maximum AF/F, for NE for each indicator. Datapoints were fitted with four-
parameter dose-response curves to determine ECs, values.n=6,5,3 wells

for nLightG with NE, nLightG with DA and GRAB,; with NE/DA, respectively.
f,Sameasin e for nLightR with n =3 wells. All data are shown as mean + s.e.m.

g, Representative heatmap of nLightG fluorescence response (AF/F, (%)) inan
outside-out membrane patch from nLightG-expressing HEK293T cells (n =6
independent experiments). Scale bar, 50 pum. h, ON and OFF kinetics of nLightG
(top) and GRAB;,,, (bottom) after ultrafast (<0.5 ms) switching of the perfusion
pipette. Dots represent the average of five applications. Kinetic parameters were
obtained using single-exponential fits on the average of all trials. i, Statistical
comparison of kinetic parameters. Unpaired two-tailed Student’s t-test.n = 6
and five patches for nLightG and GRABy,,, respectively. ***P=3.0 x 1078 (,y),
kP =2 7 x 107 (o). Mean + s.d. are shown. j, Five consecutive NE applications
onnLightG (5 uM, 1s). Images were acquired at 100 Hz. All experiments were
repeated at least three times with similar results.
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response (Extended Data Fig. 2e-g). The EC,, of NE was in a similar
range for nLightG (ECsqpexaosr = 755 + 85 M, ECyg neurons = 937 £133 nM,
mean +s.e.m.) and nLightR (ECsg k2031 = 654 47 NnM, ECsg neurons =
408 + 55 nM, mean + s.e.m.). In HEK293T cells the EC,, of DA was

AF/Fy (%)

Normalized intensity

comparable between nLightG (ECs, =20.0 + 7.9 uM, mean * s.e.m.) and
nLightR (EC,,=18.5+ 6.7 UM, mean + s.e.m.), and was approximately
30-fold higher than that of NE. Furthermore the maximal response to
DA was only asmallfraction of thatinduced by NE (23.0% for the nLightG
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and 25.6% for nLightR), indicating that DA acts as only a partial agonist
atbothindicators (Fig. 1e,f). Similar measurements performed on
GRABy;, revealed an ECy, for DA, which is only eightfold higher than
that for NE and that its maximal response to DA is 35% of the response
to NE (Fig. 1e). These results indicate that both nLightG and nLightR
have higher selectivity for NE over DA compared with GRABy,,,,. Further-
more, in cultured neurons the maximal response of both nLightG and
nLightR to DA was further reduced and amounted to less than 10%
of that induced by NE (Extended Data Fig. 2e). To establish the
kinetic properties and reversibility of the fluorescence response
for this family of indicators, we performed patch-clamp fluorom-
etry on outside-out membrane patches from nLightG-transfected
HEK293T cells (Fig. 1g and Supplementary Video 1). Using a piezo-
controlled system for rapid solution switching between 0 and 5 ptM NE
inless than1ms (ref. 13), we found that nLightG exhibited rapid acti-
vation and deactivation kinetics (7,,=23 + 5ms and 7,;=194 + 42 ms;
mean *s.d., six patches; Fig. 1h). Similar experiments performed on
membrane patches containing GRABy,,, revealed that this indicator
has eightfold slower activation kinetics and threefold slower deactiva-
tion kinetics (7,, =192 + 23 ms and 7, =593 + 118 ms; mean = s.d., five
patches) compared with nLightG (Fig. 1h,i). These experiments also con-
firmed the ability of nLightG to faithfully report multiple bidirectional
changesin extracellular NE concentrationin rapid succession (Fig. 1j).

Intracellular signaling is the primary function of GPCRs, but
should be avoided in GPCR-based fluorescent indicators. Using
genetically encoded calcium indicators™, we detected a substantial
increase of intracellular Ca** concentration in response to the acti-
vation of wild-type swAlpha-1 AR with NE, confirming the coupling
to Ga,, pathway expected for this AR subtype®. In the same exper-
imental setup, activation of nLightG and nLightR did not induce a
noticeable increase in the intracellular Ca® concentration, indicat-
ing that coupling to Ga, is disrupted (Extended Data Fig. 3a-d). To
further investigate the downstream coupling capabilities of nLightG,
nLightR and swAlpha-1AR, we characterized their directinteractions
with mini-Gq, mini-Gs and mini-Gi'® upon agonist stimulation using a
Nanoluciferase (NanoBiT)-based complementation assay” (Extended
DataFig. 3e-g). Stimulation of the swAlpha-1 AR with NE showed cou-
pling to mini-Gq and mini-Gs, but no coupling to mini-Gi. In contrast,
stimulation of nLightG and nLightR with NE did not lead to coupling
to mini-Gq, mini-Gs or mini-Gi. Next, we investigated whether indi-
cator activation induces recruitment of B-arrestin-2 using the same
NanoBiT-based approach. Since the Alpha-1 AR subtype has not been
consistently shown to couple to B-arrestins in previous studies'® ™,
we used hmDRD1 as a positive control. Stimulation with DA induced
recruitment of B-arrestin-2to DRD1, while no recruitment was observed
for nLightG or nLightR upon stimulation with NE (Extended Data
Fig.3e-g).Insummary, nLightG and nLightR are selective and sensitive
NEindicators with minimal potential for interference with endogenous
signaling pathways.

Ex vivo and in vivo benchmarking of nLightG and nLightR

We then characterized the properties of nLightG and nLightR in brain
slices and benchmarked them against those of the state-of-the-art
NE indicator GRABy,,. To this end, adeno-associated viruses (rAAVs)
carrying either nLightG, nLightR or GRAB;,, driven by the human
synapsin promoter were injected in the mouse lateral hypothalamus
(LH) (rAAV2/9.hSynapsinl.nLightG/nLightR/GRAB,.,). After at least
4 weeks of expression, we prepared acute brainslices and imaged them
under epifluorescence illumination (Fig. 2a). Perfusion of a high con-
centration of NE (50 uM) on the slices led to fluorescence responses
fromboth nLightGand nLightR, which werereversible upon NE washout
(Fig.2b,c). Next, we compared catecholamine-selectivity and response
toanAlpha-1ARantagonistamongall three NE indicators. Perfusion of a
high concentration of DA (50 pM) elicited small, but detectable, fluores-
cence responses fromnLightG and nLightR, which amounted to about
12% and 3% of the responses to an identical concentration of NE, respec-
tively (Fig. 2d-f).In comparison, the response to the same concentra-
tion of DA for GRABy;, Was larger and corresponded to about 19% of the
response to NE. Furthermore, application of the Alpha-1 AR antagonist
Trz (10 pM) largely reversed the NE-induced response from nLightG and
nLightR while it had no effect on GRABy;,,,, confirming that the two indi-
cator families maintain distinct pharmacological profilesin brain tissue
(Fig. 2d-f). Next, we investigated whether both nLightG and nLightR
couldbe sensitive enough to detect endogenous NE release evoked by
electrical pulses, as compared with GRABy;,,. We applied anincreasing
number of pulses totheslices (1,10,100 pulses) and quantified evoked
fluorescenceresponses (Fig. 2g). Stimulus-evoked responses could be
detected for both nLightG and GRAB,,,, after application of a single
pulse, whileincreasing the number of pulses was mirrored by a parallel
increase in the responses (Fig. 2h,i). Fluorescence responses could
also be detected from nLightR-expressing slices upon application
of 10 or 100 pulses, but not to a single pulse (Fig. 2j), indicating that
alsothered NE indicator can detect endogenous NE release.

Alpha-2 ARs are densely expressed presynaptically and on the
somataoflocus coeruleus (LC) NE-producing neurons®**, where they
provide feedback inhibition in response to NE release. Accordingly,
Alpha-2 AR antagonists, such as Yoh, are known to increase natural LC
excitability in response to external stimuli*?, resulting in increased NE
release”. Due to their intrinsic sensitivity to Alpha-2 AR-targeting drugs,
Alpha-2 AR-based NE indicators (thatis, the GRABy, family’) cannotbe
utilized to faithfully monitor the effects of these drugs on endogenous
NErelease. To determine whether nLightG and nLightR could overcome
this limitation due to their orthogonal receptor pharmacology, we
performed aside-by-side comparisonin vivo with GRABy,, using fiber
photometry during systemic administration of subtype-selective AR
antagonists. To reliably monitor NE release, we adopted a previously
established tail-lifting assay’ (Fig. 2k). Mice received injections of saline
(Sal), Trz (1 mg kg™) or Yoh (4 mg kg™) in separate trials followed by
five consecutive tail-lifting events (Fig. 21). Tail-lifting of the animals

Fig.2|Ex vivo and in vivo benchmarking of nLightG and nLightR.

a, Experiment schematics. b, Left, representative nLightG response to perfusion
of NE (50 pM) and washout. Right, quantification of nLightG responses
(two-sided paired t-test, *P= 0.0308, n = 4 slices from three mice). ¢, Same as

b for nLightR (two-sided paired ¢-test, *P=0.0434, n = 4 slices from two mice).

d, Left, representative nLightG response to subsequent perfusions of DA (50 uM),
NE (50 uM) and Trz (10 pM). Right, quantification of nLightG responses (repeated
measures one-way ANOVA, P=0.0006 and Tukey’s multiple comparison test,
***P=0.0005 for DA against NE and **P=0.0087 for NE against NE + Trz,n=6
slices from two mice). e, Same as d for nLightR (repeated measures one-way
ANOVA, P=0.0040 and Tukey’s multiple comparison test, **P = 0.0034 for DA
against NE and **P = 0.0277 for NE against NE + Trz, n = 4 slices from two mice).

f, Same as e for GRABy,,, (repeated measures one-way ANOVA, P=4.572 x107°
and Tukey’s multiple comparison test, ****P = 8.501 x 10~ for DA against NE,n=7
slices from three mice). NS, not significant. g, Representative images of indicator

expression and fluorescence responses. Scale bars, 100 um. h, Left, average
traces of nLightG responses to electrical stimulation using increasing numbers
of pulses (1,10,100 pulses). Right, quantification of peak responses (two-tailed
paired t-test, **P = 0.0018, n = 9 slices from two mice). i, Same asin h for GRAB .,
n=8slices fromthree mice. j, Same asinifor nLightR; n = 6 slices from two

mice. k, Schematics of experimental procedures. 1, Timeline of experiments.

m, Left, average traces of fluorescence response from nLightG-expressing
animals after injection of different drugs. Right, quantification of peak
AF/F,responses from left. Peak values were compared with the control (Sal).
**P=0.0013for Trz, *P = 0.0345 for Yoh, n = 8 mice. n, Same as m for GRABy;,.
P=0.9010 for Trz(NS), **P=0.0015 for Yoh, n =7 mice. 0, Same asm, for nLightR.
*P=0.0329 for Trz, P=0.457 for Yoh (NS), n = 5mice. m-o, Blue shades indicate
tail-lifting period. Analyses were performed with repeated measures one-way
ANOVA with Dunnett’s multiple comparisons test. b-o, All dataare mean + s.e.m.
All experiments were repeated at least three times with similar results.
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caused a stable and reproducible increase in nLightG signal (mean
8.7%), which lasted for the entire duration of the
event (Fig.2m). Similar signals, although with smaller amplitudes, were

peak AF/F,=

animals (mean peak AF/F, =

detected in GRABy,,, (mean peak AF/F,=4.8%) and nLightR-expressing
2.6%) (Fig. 2n,0). Administration of
Trz reduced the tail-lift-induced response of nLightG and nLightR,

a rAAV2/9 b ) C .
nLightG nLightG nLightR
hSyn or NE .
GRAB 5 120 120 * 15 10
or
100 = 100 ~
nLightR . * s R 8
&\o, 80 R &\0, 10 W 6
=
©° 60 T g0 © [
T 3 T s T 4
5 % S 40 S 5
[} [}
20 s 2 : = ? .
01 ol L mm O™ % o
w 10 2 4 w
0 5 10 15 20 25 30 35 w ﬁ 0 0'030. 0 50 w _::%
LH imaging Time (min) 2 Time (min) g
d nLightG e nLightR f GRAB, 1,
NE NE NE
DA DA DA
120 == 250 FRE ok 4o — 8 o 120 ==
*%k
100 X 200 3 E 4 100 R
& 80 < 150 8, uw & 80 W
o 60 w w©° '-ql- 4 W° 60 w
= < 100 = = <
T 40 c [ c S 40 c
< 3 < o 2 3
20 S 50 o1 = 20 =
o 0 A ol == o,
0 10 20 30 40 50 60 < w4 N 0 10 20 30 40 50 < w4 N 0 10 20 30 40 50 60
) . o Z3- ) . o Z3+ . .
Time (min) Time (min) Time (min)
Baseline 10 pulses 100 pulses AF/FO (%) *k
30 - 1pulse 50 -
i ! 10 pulses
5 ® 40
(O] S 1 ! [S)
£ 940 154 | w30
2 & 04 | 5
z [ Y S 204
< 5+ © :
e 3o 0
|
— o
i 30, 50
50 |
£ < 4 ~
g & ! < 301
= e e T
< < 104 | < 9201
o (' i ~
O] < 5 - v& ©
0l s ) o 10
0 . L O—JQ-L
J os0, | 3.0+
6 254 | 1 pul
: | < 25
~ 204 | <
% & 154 | WO 201
5 WL 104 T 151
= = | g
] w 054 ~ 104
c < 0 LN Fid )
05 ‘, & o054
0 -1.0 ol mmin =
-10 0 10 20 30 40 50
k rAAV2/9 l Time (s)
nLightG | or [ GRABygim Fiber photometry
hSyn or [E— Tail-lift  Taillift — Tail-lift  Taillift —Tail-lift
. (60's) (60's) (60's) (60s)  (605s)
nLightR m i.p. injection
A
Baseline
and (recording X X X X X ETd
| T T T T T T T T
0 300 600 780 960 1140 1,320 1,500
Time (s)
m i n o i NS
nLightG . GRAB\gim o nLightR !
25 *x 25 NS 5
LRI (V. . 354
i Sal < 20 ! X 20 ! <4
~ 104 | = ~ 10 e ~ 25 e
S } <L 15 S i W os 2 | ) L3
s I T ° | b s I it L
W 6 I < 40 L 6 | < 10 w15 g i ‘\\ < 5
N = I o~ ; y
5 ; = \ 5 | f—\ § 5 }/” b §
2 |‘ S 5 2 'J \NS , 8 5 0.5 ’: o 1
| T 1
—ZJ—i—y—y—y—y—yﬁ 0o —2J—¢—y—y—y—y—yﬁ 0 —O.SJ—Q [}
o OO0 O O O O O T'“E_C O O O O O O O O T’UE_C 80%00808 TUE‘C
] 8§60 @0od oyl | ¥ 00 o d orQ2 ) © e« L]
Time (s) Time (s) Time (s)

Nature Methods | Volume 20 | September 2023 | 1426-1436

1430


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-023-01959-z

a rAAV2/9 rAAV2/9 b rAAV2/9 [
loxP lox2272
nLightG-aGFP Chrimson-mRuby2 >
o (]
nLightG-aGFP
(o °>
Stimulation
and
Tmm
—
*kkk
d e f 35 h 30 - *EKK
‘ \c No injection
8 bl I +NaCl
I} +Desipramine € o 20 4
2 C)
¢ | g N
£ P 10
o <
gI §L . > . T &
Q 5N N
] O O 2 O O =
® & S
— — 8 &
60's 20s A o
< <~
. N
i k
‘ ] 67 40Hz @ 4
20Hz @
‘ 5| 10Hz @ ® @ °
5Hz @ 3
o 2H
il a4 T )
N —~ [ ] ° —~
I & 3 8 24 o L]
B [y ° g °
[ ® ® [y ® [ )
,.Wf\w /\. < ° o < e
N il
N M N [ ] .' ' Py o0 ° ‘ PY
10 o o ° :.“
rs r=0.84 o | r=0.83
N 0+ P=9.5x10™" P=4.8x107°
T WW\MJM P NS AN et T T T ! T T T !
- 0] 20 40 60 ] 20 40 60
20's 20s 20s Pupil dilation (%) @ Pupil dilation (%) @
L m n 5 Z L T P | hEE
‘ **
60 - - ~ 0.8 -
A —~ 24 -
= & 2 06
5 40+ ® 0 w oo S :
=] ~ —
= T 5 044 i
g 14 5
O o)
2 .
0 A >I 0.2 4
ol ¢ ™y, =8 ol
— — Ipsi  Contra
20s ‘ @ 20s P

Fig. 3 |Invivo dual-site recording of optogenetically evoked NE release using
nLightG. a-c, Experimental schematics (c) and histological verification for
targeting LC (a) and dHPC (b). d, Example traces of pupil diameter (bottom) and
simultaneously recorded nLightG fluorescence in the dHPC (center) and LC (top)
upon optogenetic LC stimulation (4-s-long pulse train with 20 ms pulses at

40 Hz; 595 nm; 10 mW at fiber tip; pink bars). e, Mean + s.d. of the recording
shownind (n=20trials).f, Mean +s.d. of nLightG fluorescence from LC
inresponse to optogenetic stimulation (n =15 trials, one mouse) performed
afterindicated treatments. g, Peak AF/F, of baseline-normalized averaged
responses (one-way ANOVA, P=3.17 x10"° and Tukey’s test, ***P=1x10"*/
**+p=1x10"°for no injection/NaCl versus desipramine (Desi); n = 6 mice).

h, 7, of averaged responses (one-way ANOVA, P=1.89 x 10~° and Tukey’s test,
kP =9 8 x107°/***P=9.4 x 107 for no injection/NaCl versus desipramine; n = 6
mice) showninf.i,Mean + s.d. of simultaneously recorded nLightG fluorescence
inthe LC (left), dHPC (center), as well as pupil diameter (right) in an exemplary
mouse, in response to pulses presented at 1, 5and 20 Hz (n = 20 trials each).

Jj.k, Peak AF/F,of averaged nLightG fluorescence in the LC (j) and dHPC (k) as a
function of pupil dilation upon optogenetic stimulation (Pearson’s correlation
coefficientr=0.84/0.83,P=9.5 x10/4.8 x 10° for LC/dHPC; n = 6 mice).

1, Normalized responses of simultaneously recorded nLightG in the LC (top)
and dHPC (bottom), during optogenetic LC stimulation (n = 6 mice). m, 7 of
averaged responses showninl. **P;; = 0.0025, two-sided two-sample ¢-test,
n=6mice.n,Mean  s.d. of simultaneously recorded nLightG fluorescence
from hippocampiin both hemispheres (columns) upon stimulation of either
theleft (top) or the right (bottom) LC (n =15 trials each). o, Peak AF/F,of each
dHPC uponipsilateral (Ipsi, left) or contralateral (Contra, right) LC stimulation.
#*p . =197 x 107, two-sided one-sample t-test, n =12 dHPC from n = 6 mice.

p, Contralateral divided by ipsilateral average response per mouse; 34.6 + 11%;
#p =2 4 x107, two-sided one-sample t-test against 1 (indicated by dashed line);
n=6mice.n,0and pwererecorded under isoflurane anesthesia, all others in
awake mice. All data are shown as mean + s.d.
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while it had no effect on GRABy,, signals. Conversely, Yoh administra-
tion increased tail-lift induced responses from nLightG and nLightR,
in line with the known disinhibitory effect of this drug on the LC
system. Inthe case of GRABy;,,, Yoh administration strongly attenuated
the indicator response, an effect that had been reported previously’
(Fig. 2m-o). Finally, to determine whether the NE release-promoting
effect was mediated by Yoh via the Alpha-2 AR feedback loop, hence
requiring conscious LC modulation by external stimuli, we also tested
theeffect of this drug on optogenetically driven NE releasein the ventral
hippocampus (VHPC) during anesthesia (Extended Data Fig. 4a,b).
Under these conditions, Yoh attenuated optogenetically evoked NE
signals monitored via GRABy,.,, While it did not have an effect on the
NE signals reported by nLightG (Extended Data Fig. 4c,d). Overall,
these results confirm that nLightG and nLightR have a pharmaco-
logical profile distinct to the GRABy;,, family indicators, which offers a
valuable option to monitor the effects of Alpha-2 AR-targeting drugs
ontheendogenous NE systemin vivo.

Optogenetic dissection of NE release across brain areas

We next asked whether we could use the most sensitive of our NE
indicators (nLightG) for detecting optogenetically evoked NE release
simultaneously in two brain areas with fiber photometry (Extended
Data Fig. 5). We bilaterally injected rAAV2/9.hSynapsinl.nLightG
in the dorsal hippocampus (dHPC) and rAAV2/9.hSynapsinl.DIO.
ChrimsonR-mRuby2 together with rAAV2/9.hSynapsinl.nLightG in
the LC of DBH-cre mice (Fig. 3a-c). Optogenetic stimulation of the
LC using 595 nm light (4 s pulse train, 20 ms pulses at 40 Hz, 10 mW
at fiber tip), led to NE signals that occurred simultaneously in both
LCand dHPC. Asasecond readout of LC activation, we measured pupil
diameter®, which, as expected, increased rapidly upon each optical
stimulus (Fig. 3d,e). To establish the contribution of NE reuptake
mechanisms onnLightGsignalsinthe LC, we repeated the recordings
afterintraperitoneal (i.p.) injections of Sal or the NE transporter (NET)
blocker desipramine. Salinjection did not alter the nLightG response
profile, while desipramine led to an increase in both the magnitude
and decay kinetics of the response (Fig. 3f~h), confirming the depend-
ence ofthenLightGresponse on extracellular NE. We theninvestigated
the effects of different stimulation frequencies of optogenetic LC
activation on nLightG responses in LC and dHPC and on pupil dila-
tion. In the LC, nLightG responses could be detected at stimulation
frequencies as low as 1 Hz (Fig. 3i). Upon increasing the frequency of
optical stimuli, we found a strong, positive linear correlation between
nLightG responses and pupil dilation in both recorded brain areas
(Fig. 3j,k). The decay kinetics of nLightG responses to the same fre-
quency of stimulation (40 Hz) were slower inthe dHPC (7,4=37.3 + 2155,
mean + s.d.) compared with the LC (1,4=2.8 +1.3 s, mean +s.d.)
(Fig. 31,m), presumably reflecting differences in the density or func-
tionality of local NE reuptake mechanisms. Finally, we used nLightG to
explore the lateralization of noradrenergic innervation of the d(HPC***";

we found that unilateral LC stimulation most efficiently drove NE
release in the ipsilateral dHPC, and that ipsilateral optogenetically
evoked dHPC-nLightG signals were approximately threefold larger
than the contralateral ones (Fig. 3n-p).

Two-photonimaging of NE release in the dHPC

Next, we tested whether nLightG could be used in combination
with two-photon excitation to image NE release in vivo with high
spatial resolution. We expressed nLightGin the CAlregion of the hippo-
campus and imaged nLightG signals through a chronic optical window
using two-photon microscopy in awake head-fixed mice navigatingin
avirtual corridor (n =4 mice; Fig. 4a,b). Mice received a water reward
positioned along the corridor and the same field-of-view (FOV) was
imaged infive sessions on five consecutive days (one session for each
imaging day; Fig. 4c,d).

Since previous reports®** show that LC-projections activity is
higher during locomotion and reward delivery, we tested the hypo-
thesis that nLightG signals correlate positively with locomotion and
reward. We first computed event-triggered averages of nLightG signals
over the whole FOVbased on the time at which the mouse started torun
(magenta color in Fig. 4e-g). While nLightG signal remained similar to
baseline after the initial start of running on day 1of recording, we found
that, after the mouse started to run, nLightG signals increased with
respect tobaselinein the following days (days 2-5; Fig. 4e and Extended
DataFig. 6a). Running speed dynamics were comparable across all five
recording days. Indays 2-5 (but notinday 1), the amplitude of nLightG
signals correlated positively with the running speed of the animal
(Fig. 4h and Extended Data Fig. 6b,c). Moreover, we investigated
whether the nLightG signals that we recorded could be due to motion
artifacts. We computed the structural similarity, aparameter evaluat-
ing the perceived change instructuralinformation betweenindividual
frames with respect to the average projection of the whole imaging
temporal series. We found structural similarity to be constant in the
time window associated with the changes in nLightG signals described
above (Extended Data Fig. 6d-f). Moreover, we performed temporal
shuffling of nLightG traces and found that the shuffling procedure
destroyed the positive deflection of nLightG signals that we observed
when traces were not shuffled (dashed horizontal line in Extended
DataFig. 6a).

We thenbuilt event-triggered averages of nLightG signals over the
whole FOV based on the time at which the mouse crossed the reward
position (green color in Fig. 4e-g). We observed that nLightG signals
showed a transient increase with respect to baseline followed by a
decreaseinallrecording days (Fig. 4e and Extended DataFig. 7a-c).In
allfive recording days, lick rate increased after the mouse crossed the
reward position (Fig. 4g), while running speed decreased with respect
to baseline after the mouse crossed the reward position (Fig. 4f). The
amplitude of nLightG signalsincreased with lick rate (Fig. 4i) across all
recording days, and correlated positively with running speed across

Fig. 4| Two-photonimaging of NE signals in awake behaving mice using
nLightG. a, Experiment schematics. b, Viral injection schematics. ¢, On days

1,2 and 3, rewards were delivered at 85 cm from the start of the corridor. On

day 3, at half of the recording session the reward delivery was repositioned to

145 cm, where it remained through days 4 and 5. d, Representative average time-
projections of FOV (images are scaled to their maximum, scale bars 50 pm). e,
Event-triggered averages showing changes in nLightG signal amplitude over the
whole FOV upon running (magenta) and reward position crossing (green) for the
Sdays of recording. f,g, Event-triggered averages of the speed (f) and normalized
(norm.) lick rate (g) of the animals in the virtual corridor upon running initiation
(magenta) and at reward position crossing (green). h,i, nLightG signal amplitude
over the whole FOV as a function of running speed (h) and lick rate (i) for event-
triggered averages upon running initiation (magenta) and reward position
crossing (green, days 1-5).Inhandi, *P < 0.05 two-sided rank-sum test; HO, slope
of the linear model equals to O (for each test n = 4 animals); NS, not significant.
Inh, Pvalues are as follows: day 1, P(run) = 2.48 x107, P(reward) =2.48 x107%;

day 2, P(run) =2.09 x 1072, P(reward) = 2.48 x 107; day 3, P(run) =2.09 x 107?,
P(reward) =2.09 x107% day 4, P(run) = 2.09 x 102, P(reward) =2.09 x 107 day 5,
P(run) =2.09 x1072, P(reward) =2.09 x 107 Ini, P value equals 2.09 x 10 for all
sessions. In e-i, lines and shaded areas indicate mean + s.d. j, Representative FOV
showing nLightG-expressing hippocampal CAl neurons. White boxes indicate
ROIs identified in the FOV using CITE-On* (scale bar, 50 um). k, Event-triggered
averages showing AF/F, of nLightG signal when the mouse started running

for all the ROIs identified inj. I, Lower-left triangle, cross-correlation matrix

for all traces extracted from the ROIs displayed in j-k. Upper-right triangle,
corresponding hierarchical clustering. m,n, Same asink and|, but for event-
triggered averages when the mouse crossed the reward position. o, Density map
showing Pearson’s correlation (corr.) value of nLightG signals from pairs of ROIs
during reward position crossing as a function of that obtained during running
(separated by awhite dashed line). Data from 897,000 pairs from 6,000 ROIs in
four mice over five imaging sessions.
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the timingin which the mouse crossed the reward position eliminated

recording days 3-5 (Fig.4h). We observed astructural similarity in the
time window associated with the changes in nLightG signals (Extended
DataFig.7d-f), and temporal shuffling of nLightG traces withrespect to

c Longitudinal 2-photon imaging

the changes of nLightG signals that we observed when traces were not

shuffled (dashed horizontal line in Extended Data Fig. 7).
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Fig. 5| Rapid engineering of other multicolor GPCR-indicators. a, Schematic
illustration of a strategy for the two-step modular development of multicolor
GPCR-based indicators using the LightR and LightG modules. b, Aminoacid

sequence alignment of the LightG and LightR modules with portions of hmDRD1.

Individual residue (Res.) differences between LightR and LightG are highlighted
in orange. Helix-forming amino acids of hmDRDI1 (according to the AlphaFold*°
structural model of the receptor; Supplementary Fig. 1) are indicated by gray
boxes. The initial and terminal residues of the respective LightR and LightG
building blocks (black frames) are numbered according to the BW numbering
of hmDRDL. ¢, Quantification of the maximal AF/F, response to bath-applied
ligands (all tested at 10 uM concentration) of all generated green indicators.
With the exception of msCX3CR1DG (500 nM) and GRAB, ;o (50 pM), for
every experiment the ligand was added to a final concentration of 10 pM. The
corresponding indicator-ligand pairs used were as follows: swAlpha-1AR:
swAlpha-1AR, NE; human muscarinic M3 receptor: hmM3R, acetylcholine;

human serotonin 5HT4 receptor: hm5HT4, serotonin; human adenosine 2A
receptor: hmA2AR, adenosine; mouse CX3CR1receptor: msCX3CR1, mouse
fractalkine; GRAB,cg, o, 2-arachidonyl glycerol ether; GRAB p, o, ATP; GRABg;1,. 0,
SHT; GRAB 3, acetylcholine; GRAByg,,, NE; OxLightl, Orexin-A; dLight1.3b, DA.
Mean AF/F,values of single graft (only ICL3 replaced by grafting) and double-
graft (ICL3 and ICL2 replaced by grafting) for each receptor were compared
using a two-tailed Students ¢-test with Welch’s correction. Pvalues (from left to
right): 0.566 (NS); ***7.342 x 1075, ***6.466 x 1075;**4.143 x 1073; ***8.298 x 107;
#1355 x 1075 %2.072 X 1072 ***+3,629 x 107, *¥1,748 x 1077, **+8.324 x 1075,
d,Sameasincforredindicators. RdLight response was measured with 10 pM
DA. Pvalues (from left to right): **2.625 x 10™*; ***2.910 x 107%;**3.019 x 107%;
0.477 (NS); **9.690 x 107*; 5.954 x 1072 (NS); ***2.124 x 107, *4.593 x 10%;
%6331 x 107%; 6.032 x 102 (NS). ¢,d, n = 21 cells from three independent
experiments for each indicator. Data are shown as mean +s.e.m.
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Finally, we segmented the FOV into anatomically identified
regions-of-interest (ROIs) centered on putative cells using amachine
learning algorithm® (Fig. 4j and Extended Data Fig. 8). We extracted
event-triggered averages of nLightG signals for each identified ROI
based onthe time at which the mouse started to run (Fig. 4k) and based
onthe time at which the mouse crossed the reward position (Fig. 4m).
We computed the Pearson’s correlation value between nLightG signals
of pairs of ROIs and built cross-correlation matrices (Fig. 41,n). Across
animals, we found that Pearson’s correlation values for the same pair
of ROIs tended to differ when the mouse started to run (‘Pearson’s
Corr.g,, in Fig. 40) with respect to when it crossed the reward posi-
tion (‘Pearson’s COrr.g.arq’ in Fig. 40), suggesting that NE signaling
in pairs of localized hippocampal regions is correlated differentially
across behavioral conditions. Altogether, these results demonstrate
that nLightG can be used to image locomotion-induced and reward
position-dependent NE dynamics in combination with two-photon
microscopy in the hippocampus of awake head-fixed mice.

Rapid engineering of other GPCR-based indicators
To test whether the two-step protein engineering strategy developed
herein (Fig. 5a,b) could be applied broadly, we tested it on ten GPCRs
intotal (Fig. 5c,d). First, the region between BW residues 5.62/5.63 to
6.33/6.34 (ICL3, single graft) was replaced, followed by the additional
regionbetweenresidues 3.50 and 4.44 (ICL2/ICL3, double-graft). Most
ofthe 40 resultingindicators expressed well in HEK293T cells, with only
afew exceptions. Eight out of ten GPCRs (80%) produced green indi-
cators with alarge response to ligand application (mean AF/F,>50%)
(Fig.5c).Onthe other hand, two out of ten GPCRs (including Alpha-1AR
andtheacetylcholine M3 receptor) producedredindicatorswithalarge
response to ligand application in the range (100-250%) of previously
in-vivo-validated red fluorescent GPCR-based indicators (Fig. 5d) **.
A comparison of the basal brightness (F,) revealed that the
LightG- and LightR-based indicators often had a higher brightness in
the absence of ligand compared with similar, previously developed
indicators””*** (Extended Data Fig. 9a—c). We also assessed whether
grafting could affect the apparent affinity for the endogenous ligands
by determining the half-maximal effective concentration (ECs,) for
a subset of the best performing indicators. We found the EC;, of the
endogenous agonists was 203 nM for the green acetylcholine indica-
tor (AchLightG, hmM3R single graft), 16 nM for the red acetylcholine
indicator (AchLightR, hmM3R double-graft), 1.2 uM for the green
adenosine indicator (AdoLightG, hmA2AR double-graft) and 72 nM
for the green histamine indicator (HisLightG, hmH4R double-graft)
(Extended DataFig.10a-d). The affinity of acetylcholine for AchLightR
was approximately 100-fold higher than that reported for previously
developed indicators based on the same receptor subtype®. To check
whether this effect stemmed from the additionally grafted ICL2 region,
we titrated the double-graft of AchLightG and measured an ECs, of
12 nM. This represents a 17-fold increase in affinity of acetylcholine
compared with the single graft, with an EC, similar to that of AchLightR
(double-graft), demonstrating that replacing the ICL2 with that of a
different receptor can sometimes be used to tune the ECs, of an indi-
cator. Overall, these data show that our two-step cloning strategy can
in some cases, albeit not always, succeed in developing high-quality
GPCR-based indicators.

Discussion
InadditiontonLightGand nLightR, we developed indicators for several
other neuromodulators. A recent study reported the use of a similar
grafting approach for the generation of green GPCR-based indica-
tors*. A direct comparison between these two approaches could be
performed in the future to establish whether one is more successful
than the other.

Our results show that nLightG and nLightR have improved
selectivity for NE over DA compared with GRABy;,,.. Nevertheless, both

indicators showed detectable responses to perfusion of a high (50 uM)
DA concentration in brain slices. This suggests that, when planning
the use of any of these sensors in areas of the brain with dense dop-
aminergic innervation (that is the basal ganglia)***°, careful experi-
mental design should be put in place to disambiguate the two
catecholamines.

A potential limitation of fiber photometry recordings, which
has recently gained attention, is the possible occurrence of artefacts
caused by animal motion or hemodynamics®*"*%, These artefacts
typically affect fluorescence signals excited at 405 nm or 470 nm uni-
formly™. To address this issue, our photometry recordings were con-
ducted at both wavelengths, with 405 nm serving as a control channel.
Acomparisonbetween470 nmand 405 nmtracesrevealed thatonly the
470 nm channel exhibited optogenetically evoked nLightG responses,
while these were absentin the 405 nm channel. Therefore, the signals
detected in fiber photometry experiments were specific to nLightG
responses and were not influenced by hemodynamics or motion arte-
facts. In two-photon functional imaging experiments, we did not test
aloss-of-function approach (forexample, aligand-insensitive version
of nLightG). However, structural similarity analysis and temporal shuf-
fling of nLightG traces provided convincing evidence that the observed
nLightG signals were not aresult of motion-related artifacts.

Our demonstration of in vivo NE detection using nLightG opens
several opportunities for futureresearch. First, owing toits pharmacol-
ogy, nLightG could be used to investigate the effects of clinically used
Alpha-2 AR agonists and antagonists on behaviorally evoked NE release
invivo, while GRABy;,, failsto do so.Second, owingtoits fastkinetics,
nLightG could be used to precisely investigate the effects of differ-
ent conditions on NE dynamics, for example, the use of clinically rel-
evantdrugs such as antidepressants and psychostimulants or genetic
manipulations, both during natural animal behavior or optogenetic
stimulation. Finally, givenits compatibility with two-photonimaging,
nLightG could be used to chart spatial and temporal aspects of NE
signaling in previously unexplored cortical and subcortical areas. Thus
the next-generation of NE indicatorsintroduced here greatly advances
the neurotechnological toolbox that is necessary to investigate the
physiological functions of the NE system with high spatiotemporal
resolution.
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Methods

Molecular cloning

DNA sequences encoding individual GPCRs and GRAB indicators
were either obtained from Addgene (GRAB ;3 0, catalog no. 121922;
GRABg;1,0, catalog no.140552; GRAB p, o, catalog no.167577; GRAB,cg, 0,
catalog no. 164604) or directly ordered as gene fragments (Twist
Bioscience, ThermoFisher Scientific) and cloned into a mammalian
expression vector downstream of a CMV-promoter (Addgene plasmid
catalog no. 60360) by restriction enzyme cloning using Notl and
Hindlll sites. Cloning of DNA sequences from dLight1.3b or RdLight1
(University of Zurich Viral Vector Facility (UZH-VVF)) onto individual
GPCRsforthegeneration of single graft and double-graft constructs was
performed by Gibson Assembly using the NEBuilder HiFi DNA Assembly
Master Mix (New England Biolabs). Alist of primers used canbe foundin
Supplementary Data 1. Site-directed mutagenesis was performed by
PCR using custom-designed primers (ThermoFisher Scientific) and
PfuUltrall Hotstart PCR Master Mix (Agilent). To generate C-terminal
fusions of SmBit onto DRD1, swAlpha-1 AR, nLightG and nLightR, the
SmBit sequence was PCR-amplified from the pCMV-Beta2AR-SmBit
plasmid and cloned in place using Gibson assembly. All sequences were
verified using Sanger sequencing (Microsynth). The DNA sequences
encoding nLightG and nLightR were cloned into a viral vector under
the control of ahuman Synapsin-1promoter (UZH-VVF) by restriction
enzyme cloning using BamHI and Hindlll sites.

Cell culture, confocal imaging and quantification

HEK293T cells (ATCC catalog no. CRL-3216) were cultured as previously
described’. The cell line was authenticated by the commercial pro-
vider. Cells were transfected at 40-50% confluency in glass-bottomed
dishes or six-well plates using PolyFect Transfection Reagent
(Qiagen) according to manufacturer instructions, and used for
follow-up experiments 24-48 h after transfection. Primary cortical
neurons were prepared using the following procedure: the cerebral
cortex of rat embryos at 18 days of gestation was meticulously dis-
sected and rinsed with 5 ml of sterile-filtered PBGA buffer, which con-
sisted of PBS with 10 mM glucose, 1 mg ml™ bovine serum albumin
and a 1:100 dilution of antibiotic-antimycotic solution (10,000
units ml™ penicillin; 10,000 pg ml™ streptomycin; 25 pg ml™ ampho-
tericin B) from ThermoFisher Scientific. The cortices were then cut
into small fragments and incubated in 5 ml of sterile-filtered papain
solution at 37 °C for 15 min. Afterward, the tissues were washed with
complete DMEM medium containing 10% fetal calf serum, penicillin/
streptomycin (1:100), and further dissociated by trituration. The
resulting cell suspension was filtered through a 40-um cell strainer.
The neurons were plated at a density of 40,000-50,000 cells per
well on poly-L-lysine-coated dishes (50 pg mi™ in PBS, ThermoFisher
Scientific) and cultured in NU-medium, which consisted of Minimum
Essential Medium (MEM) supplemented with 15% NU serum, 2% B27
supplement, 15 mM HEPES, 0.45% glucose, 1 mM sodium pyruvate
and 2 mM GlutaMAX. After 4-6 days, the cultures were transduced
with adeno-associated viruses (AAVs) at a final titer of 1 x 10° GC mi™
and maintained for 12-16 days in vitro. All cells were imaged at room
temperature in glass bottom dishes using Hank’s Balanced Salt Solution
(HBSS) containing CaCl, and MgCl, from ThermoFisher Scientific. For
live-cell labeling, cells were incubated with Alexa-647-anti-FLAG anti-
body (1:1,000) for 10 min at room temperature and washed twice with
PBS. Imaging was performed using Zen Blue software on an inverted
Zeiss LSM 800 confocal microscope equipped with 488 nm laser (for
green indicators) or a 561 nm laser (for red indicators), using either a
%20 air-based or a x40 oil-based objective. During timelapse imaging,
ligands were applied manually using a pipette to reach the specified
final concentrations. For quantification of the fluorescence response
AF/F,, ROIsthatencloseisolated cellmembranes were selected manu-
ally using the threshold function of Fiji (Image}J). The fluorescence
response of an indicator (AF/F,) was calculated as follows: (F, - F,)/F,

with F,being the ROl mean gray value at each time point ¢, and Fybeing
the mean gray value of the ten timepoints immediately before ligand
addition.

Plate reader-based assays

For measuring dose-responses to titrations of ligands on the indica-
tors, HEK293T cells were transfected in a T75 flask using polyethyl-
eneimine hydrochloride (PEI, Sigma-AdIrich). For each flask 432 pl of
PBS (ThermoFisher Scientific) supplemented with 150 mM of NaCl was
mixed with 48 pl of PEI solution (1 mg ml™, pH 7.0 in ddH,0) and 9 pg
of plasmid DNA was added before vortexing. The transfection mixture
was incubated at RT for 45 min and added to the cells in a dropwise
manner. The medium wasreplaced 24 h after transfection and the cells
were used for titrations 48 h after transfection. The cells were detached
using Versene (ThermoFisher Scientific), centrifuged (RT;150g; 3 min),
washed and resuspended in HBSS to a density of 6.66 x 10 cells ml™.
Thewellsof ablack, flat-bottom, 96-well plate (Greiner Bio-One) were
filled with150 pl of cell suspension and to each well 150 pl of atwofold
concentrated dilution series of ligand in HBSS was added. The fluores-
cence signal was detected at room temperature using a Tecan M200
Pro plate reader with an excitation wavelength of 480 nm or 560 nm
(bandwidth of 9 nM) and an emission wavelength of 560 nm or 600 nM
(bandwidth of 35 nM) for the green and the red indicators, respectively.
Foreachtitration series, three biological replicates were measured and
the normalized means were fitted with afour-parameter dose-response
curveto determine the EC,.

For measuring the one-photon excitation and emission spectra
of the indicators, HEK293T cells were transfected using PolyFect”
Transfection Reagent (Qiagen) according to manufacturer’s instruc-
tions and used for spectral measurements 48 h after transfection. The
cells were plated in two wells of a black, flat-bottom, 96-well plate as
described above. To account for the autofluorescence of the cells, a
nontransfected control was measured at the exact same conditions.
One-photon fluorescence excitation (A, = 560 nmor 620 nm for green
andredindicators, respectively) and emission (.. =470 nmor 550 nm
forgreenandredindicators, respectively) spectrawere determined on
aTecan M200 Pro plate reader at room temperature.

To measure the recruitment of G-proteins and [3-arrestin-2 we
used a NanoBiT complementation-based assay". For this we used the
wild-type swAlpha-1AR, an hmDRD1receptor or the NE indicators car-
rying a C-terminally fused SmBiT fragment in combination with either
mini-G-protein probes (mini-Gs, mini-Gi and mini-Gq*') or B-arrestin-2
(ref. 42) N-terminally fused to LgBiT, as specified. HEK293T cells
were seeded in six-well-plates (Techno Plastic Products) at a density
0f 250,000 cells pre well and cotransfected using PolyFect with the
above-mentioned constructs at a 1:1 DNA ratio. Cells were detached
using Versene 24 h after transfection, centrifuged (RT, 150g, 3 min),
washed and resuspended (0.5 x 10° cells mI™) in Fluorobrite-DMEM
(ThermoFisher Scientific) complemented with 30 mM of HEPES
(ThermoFisher Scientific). For each interaction pair, 200 pl of the
cell suspension were gently mixed with 50 pl of a 20-fold dilution of
Nano-Gloreagent in LCS buffer (Promega) and distributed equally into
two wells of awhite flat-bottom 96-well plate OptiPlate (PerkinElmer)
before incubation at 37 °C for 45 min. The luminescence signal was
measured at 37 °C using a Tecan Spark plate reader before and after the
manual addition of 25 pl ligand solution (10 uM final concentration)
inFluorobrite-DMEM in one well or 25 pl of pure Fluorobrite-DMEM
inthe other well.

Patch-clamp fluorometry

To analyze the response kinetics of nLightG and GRABy,;,, we used
patch-clamp fluorometry similar to our previously described proce-
dure”. Outside-out membrane patches derived from HEK cells express-
ing nLightG or GRAB\,,, were positioned in front of adouble-barreled
perfusion pipette, which was moved swiftly using a piezo actuator®.
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Fluorescence was captured using an EMCCD (electron multiplying
charge coupled device) camera. HEK293T cells were cultured on
poly-D-lysine/laminin-coated glass coverslips in DMEM with 7% FBS
at 37 °C and 5% CO, to minimize background fluorescence. Trans-
fections were performed after 24 h using polyethylenimine 25,000
(Sigma) with approximately 0.3 pg DNA per milliliter medium. After
72 h of expression, coverslips containing the adherent cells were
immersed in an external solution (138 mM NacCl, 1.5 mM KCl, 1.2 mM
MgCl,, 2.5 mM CaCl,, 10 mM HEPES, pH 7.3), and membrane patches
were generated by pulling borosilicate glass patch pipettes (G150TF-4,
Warner Instruments; resistance: 4-6 MQ) filled with internal solution
(135 mM K-gluconate, 10 mM NaCl, 2 mM MgCl,, 1 mM EGTA, 10 mM
HEPES, pH 7.3). Cell-attached and whole-cell configurations were
established using a Patchstar micro-manipulator (Scientifica) and
Axopatch 200B patch-clamp amplifier (Molecular Devices) to excise
outside-out patches. The experiments were conducted at room tem-
perature. Voltage pulses for ligand application and camera triggering
were generated using pClamp10.7 and the Digidata1550 A/D converter
(both Molecular Devices). Epifluorescence imaging of the excised
patches was performed on an inverse DMi8 microscope (Leica) with
a x20 objective (HC PL FLUOTAR L x20/0.40 CORR PH1). Green fluo-
rescence was excited using a470 nm LED (Thorlabs) and a470/40 nm
excitation filter in combination with a 495 nm dichroic mirror and a
525/50 nm emission filter (all Chroma). The light intensity in the focal
plane was approximately 2-10 mW mm2. Images were captured using
anEvolve 512 deltaEMCCD camera (Photometrics) with the assistance
of MicroManager2.0 (ref. 44). The acquisition of individual frames
(cameraclearing mode: presequence; acquisition mode: strobed) was
triggered by transistor-transistor logic pulses provided by pClamp.
Imaging was conducted at aframe rate of 100 fps (cropping to 256 x 256
pixels, 2 x 2 binning, 9 ms exposure, EM gain 200) or 200 fps (crop-
ping to 256 x 256 pixels, 2 x 2 binning, 4.5 ms exposure, EM gain 500).
Rapid ligand application and removal were achieved by placing the
outside-out patchesin front of a piezo-driven double-barreled ©-glass
pipette®. The perfusion pipette was created from borosilicate glass
(outer diameter: 2.0 mm, inner diameter: 1.40 mm, septum: 0.2 mm,
Warner Instruments), broken toyield atip with adiameter of approxi-
mately 250 pm, and connected to a piezo actuator (P842.20, Physik
Instrumente). Lateral displacements were triggered by short voltage
steps (3 Vrampin 0.7), amplified using apower supply (E505.10, Physik
Instrumente) and filtered at 1 kHz. Solutions were delivered using a
syringe pump (0.3 ml min™ per channel) with parallel bath perfusion
atapproximately 3-5 ml min™. NE (5 uM, Sigma catalog no. 74480) in
external solution (1.2-fold concentrated to obtain exchange currents)
wasappliedin1sor2 spulses.Fiji* (ImageJ) was used to calculate AF/F,
maps based on mean intensity projections of 100 frames before and
100 frames during NE application (Fig. 2g). These maps were used to
define the responsive patch region and placing of a rectangular ROI.
The fluorescence intensity of this region was exported and normalized
to the initial background fluorescence obtained from an adjacent
region. Figure 2i shows six subsequent applications interrupted by
0.2 s breaks in the imaging/illumination sequence (white spaces). In
this case, abaseline correction was performed (dashed line) to account
forminorsignallossin the patchregion (0.72 e“40 s™). However, con-
secutive applications showed full reversibility of the signal changes
(Supplementary Video 1). To obtain estimates of the response times,
datafromfour to six consecutive applications were averaged from each
patch and single-exponential fits were used to determine 7., and 7,
time constants by least-square fitting with ProFit v.7.0 (Quantumsoft).

Invitro two-photon brightness measurements

Two-photon spectral characterizations of the nLightGindicator were
performed on HEK293T cells before and after addition of NE (100 pM).
Cells were transfected using Lipofectamine 3000 and imaged 24 h
posttransfection. Before the spectral measurements the mediumwas

switched to PBS to avoid DMEM autofluorescence. Two-photon spectra
were acquired as described previously’.

Viral production

AAVs encodingtheindicators developed in this study were produced by
the UZH-VVF. All other viruses were obtained either from the UZH-VVF
or Addgene. The titers of the viruses used in this study were: rAAV2/9.
hSynapsinl.nLightR, 1.4 x 10" GC mlI™'; rAAV2/9.hSynapsinl.nLightG,
2.3 x10" GC ml™%; rAAV2/9.hSynapsinl.GRABg;m,, 5.5 X 102 GC ml™;
rAAV2/5-hEF1a.DIO.ChrimsonR-tdTomato, 4.7 x 10 GC ml™; rAAV2/9.
EF1a.DIO.ChrimsonR-mRuby2, 4.5 x 102 GC ml ™.

Animals

Animal procedures were performed in accordance to the guidelines
of the European Community Council Directive or 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 Hamburg state authority for animal welfare and the animal welfare
officer of the University Medical Center Hamburg-Eppendorf, National
Council on Animal Care of the Italian Ministry of Health. Rat embryos
(E17) obtained from timed-pregnant Wistar rats (Envigo) were used for
preparing primary cortical neuronal cultures. Wild-type C57BL/6 mice,
heterozygous B6.Cg-Dbhtm3.2(cre)Pjen/] (DBH-Cre) mice* and hetero-
zygous C57BL/6-Tg(Dbh-iCre)1Gsc (DBH-iCre) mice*” of both sexes were
used in this study. Mice were kept with ad libitum access to chow and
water on a 12-h reversed light-dark cycle. Optogenetic and behavior
experiments were performed during the dark phase. Two-photonimag-
ing experiments were performed on animals older than10 weeks that
were housed at room temperature and in humidity-controlled rooms
in groups of up to five littermates per cage with ad libitum access to
food and water ina12-h light-dark cycle.

Animal surgeries and viral injections
Surgeries were conducted on adult anesthetized mice (males and
females, age >6 weeks). For slice imaging experiments, AAVs
encoding nLightG, nLightR or GRABy;,,,” under the control of the
human synapsin-1 promoter were unilaterally injected at a titer
of -5.5x10” GC ml™ into the LH (-1.4 mm anteroposterior (AP),
+1.1 mm mediolateral (ML), -5.2 mm dorsoventral (DV); volume,
600 nl). For single-site in vivo photometry experiments, the follow-
ing AAVs were unilaterally injected at a similar titer into either of
thefollowingregions: LH (-1.4 mmAP, +1.1 mm ML, -5.2 mm DV; volume,
250 nl), vHPC (-3.2 mm AP, -3.3 mm ML, -3.8 mm DV; volume, 250 nl)
and commercial fiber optic cannulas were thenimplanted 0.1-0.2 mm
above the injection sites (for LH, 400 pm core diameter, numerical
aperture (NA) = 0.57, Doric lenses; for vHPC, 200 um core diameter,
NA = 0.37, Neurophotometrics). Mice used for optogenetic stimula-
tion experiments also received an unilateral injection (1,000 nl) in
LC of undiluted rAAV2/5-hEF10..DIO.ChrimsonR-tdTomato and were
implanted an additional fiber optic cannula above the injection site.
For dual-site in vivo photometry experiments, to bilaterally access
the LCand dHPC, small craniotomies (-500 pm diameter) were drilled
-5.4 mm posterior and £1.1 mm lateral to Bregma (to access LC) as
well as =2 mm posterior and +1.5 mm lateral to Bregma (to access
dHPC). Then, 300 nl of viral suspension consisting of a mixture of
rAAV2/9.hSynapsinl.nLightG (-1.2 x 10" GC mI™) and rAAV2/9.EF1a.
DIO.ChrimsonR-mRuby2 (4.5 x 10”2 GC ml™) were injected into each
LCatadepthof-3.6 mm. Subsequently, 500 nl of rAAV2/9.hSynapsinl.
nLightG (1.2 x 10" GC mI™) was injected into each dHPC at adepth of
-1.6 mm. After each injection, the pipette was left in place for -2 min,
before being slowly withdrawn. After pipette withdrawal, fiber optic
cannulas (400 pm core diameter, NA = 0.5, RWD) were slowly inserted
attheinjection coordinates to adepth of -3.5/-1.2 mm.

For two-photonimaging, neuronal-specific expression of nLightG
was obtained by injecting rAAV2/9.hSynapsinl.nLightG into the
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hippocampal CAl region (-1.75 mm AP, +1.35 mm ML, -1.40 mm DV)
through a craniotomy opened in the right hemisphere. AAV solution
(800 nl) was injected using an injection apparatus (UltraMicroPump,
World PrecisionInstruments). Following viralinjection,achronichippo-
campal window was implanted following described procedures*®.In
brief,a3 mm trephine-drillwas used to open a craniotomy centered at
coordinates 2.00 mm posterior and 1.80 mm lateral to bregma. Optical
access to the hippocampus was obtained removing the overlying
cortical tissue by careful aspiration. Throughout the aspiration proce-
dure, the brain tissue was continuously flushed with HEPES-buffered
artificial cerebrospinal fluid. To enable optical access, an optical win-
dow was affixed to the craniotomy above the external capsule, and a
thinlayer of'silicone elastomer (Kwik-Sil, World Precision Instruments)
was positioned between the brain tissue and the surface of the opti-
cal window. Using epoxy glue, a customized titanium headplate was
securely attached to the skull, and dental cement (Super-Bond, Sun
Medical) was employed to further stabilize the implant components.
Finally, the scalp incision was sutured to ensure proper adherence to
the implant. At the conclusion of the surgery, animals were adminis-
tered anintraperitoneal bolus of antibiotics (BAYTRIL, Bayer). Optical
windows were constructed following previously described methods*®,
involving the use of athin-walled stainless-steel cannula segment (outer
diameter: 3 mm;inner diameter: 2.77 mm; height:1.50-1.60 mm) and a
round coverslip witha diameter of 3.00 mm. The coverslip was securely
fastened to thelower end of the cannula using ultraviolet-curable opti-
cal epoxy (Norland optical adhesive 63, Norland). All virus injections
were conducted at arate of approximately 100 nl min.

Acute brainslice preparation, imaging and quantification

For acute brain slice preparation, at least 4 weeks after bilateral viral
injections, mice were deeply anesthetized with an intraperitoneal
injection of pentobarbital (200 mg kg™,10 ml kg™) and perfused intra-
cardially withice-cold artificial cerebrospinal fluid (aCSF) bubbled with
95/5% 0,/CO, containing 120 mM NaCl, 2.5 mMKCl, 1.25 mM NaH,PO,,
26 mM NaHCO;, 5 mM HEPES, 1 mM MgCl,, 14.6 mM D-glucose and
2.5 mM CaCl, (Osmolarity: 305-310 mOsm kg™). After perfusion, mice
were decapitated and the brainwas quickly extracted while submerged
in the ice-cold aCSF. Coronal slices (250-300 pm thick) containing
the LHA were obtained using a vibratome (HM 650V, ThermoFisher
Scientific). The slices were incubated at 34 °C for 20 min in continu-
ously oxygenated aCSF. Following incubation, brain slices were trans-
ferred at room temperature and kept until recording. Recordings were
conductedinaslice chamber keptat 31 °C perfused with aCSF. For elec-
trical stimulation at 20 Hz, abipolar electrode (Parallel Bipolar,30211,
FHC) was positioned near the LHA. Electrical stimuli were synchronized
by using Pulse Pal (Open Ephys). To visualize green or red NE indicators,
slices were illuminated with either a blue (469 nm) or green (555 nm)
LED (Colibri 7, Zeiss), respectively, on an upright Axio Examiner Al
microscope (Zeiss) using an N-Achroplan x10/0.3 M27 objective (Zeiss).
Images were collected at asample rate of 5 Hz for nLightG and GRAB,,
of 2 Hz for nLightR (Live Acquisition, ThermoFisher Scientific). The
stimulation voltage was set at 2.5 Vand the duration of each stimulation
was 10 ms. The train duration of each session determined the number
of pulses delivered to each slice. For pharmacological experiments,
drugs were applied via a perfusion system at a flow rate at 2.5 ml min™
and images were recorded at a 0.5 Hz sample rate for nLightG and
GRABy;m and at 0.2 Hz for nLightR.

The analysis of slice imaging data was performed using a
custom-written MATLAB v.R2019b script. ROIs of equal size were
selected for each slice using Fiji (ImageJ). For both electrical stimula-
tion and ligand-perfusion experiments, the change in fluorescence
AF/F, (%), defined as (F - F,)/F, x 100 was calculated. F, was defined
using alsbaseline for both the nLightGand GRABy,,and a2.5 s base-
line for nLightR. Depending onthe rate and pattern of photobleaching,
signals were fitted with either the MATLAB polyfit polynomial function

of fourthdegree or with the explsingle-term exponential function and
detrended using the detrend function. AF/F, (%) signals for eachindica-
tor acquired from electrical stimulation experiments were averaged
and smoothed with athree-point moving mean filter. Peaks responses
were calculated as maximum AF/F, (%) response to each stimulation.
For all the ligand-perfusion experiments 2-min bins were defined for
each drug/condition (DA, NE, NE+Trz perfusions and NE washout) for
mean AF/F, (%) calculations. Representative traces were smoothed
with athree-point (for selectivity experiments) or a five-point (for NE
washout experiments) moving mean filter.

Fiber photometry

Recordings in lateral hypothalamus during tail-lifting. Fiber
photometry recordings in the LH were performed using an iFMCé6_
IE(400-410)_E1(460-490) F1(500-540) E2(555-570) F2(580-680)_S
photometry system (DoricLenses) controlled by the Doric Neuroscience
Studiov.6.1.2.0 software. A low-autofluorescence patch cord (400 pm,
0.57 NA, DoricLenses) was attached to the ferrule on mouse’s head and
used to excite nLightG and GRABy,,, (465 nm) or nLightR (560 nm) and
collect the fluorescence emission, while 405 nm was used as a control
fluorescencesignal for all the indicators. Signals were modulated sinu-
soidally at 208 Hz and 572 Hz (405 nm and 465 nm, respectively) and
at333 Hz (560 nm) vialock-in amplification, then demodulated online
and low-passed filtered at 12 Hz. Mice were habituated to handling,
injections and tethering before all fiber photometry experiments.
Experiments started 4 weeks after surgery to allow proper expres-
sion of the indicators. A baseline period of the fluorescent signal was
recorded before drug administrationand for 5 min after theinjection of
saline (0.9% NaCl, 10 pl g 'bodyweight) or drugsolution. Yoh (Y3125-1G;
Sigma Aldrich) was dilutedinsaline to 4 pg g™ bodyweight fori.p. injec-
tion (10 pl g™). Trz (T6154-1G; Sigma Aldrich) was diluted in saline to
10 pg g bodyweight for i.p. injection (10 pl g™). After i.p. injection,
signals wererecorded for an additional 5 min before the tail-lifting task
was performed. Each mouse was lifted by the tail five times of 1-min
duration each, while indicator fluorescence was recorded. Between
each tail lift mice had 2-minintervals in the experimental cage.

Recordings in vHPC during optogenetic stimulation. The fluores-
cencesignal emitted by NE indicators nLightG and GRABy,.,,, exhibiting
agreen fluorescence, was captured using a commercially available
photometry system (Neurophotometrics, Model FP3002). The sys-
tem was controlled through the utilization of Bonsai, an open-source
software (v.2.6.2). For delivering interleaved excitation light, two LEDs
wereemployed: a470 nm LED for recording NE-dependent fluorescent
signals (F470), and a415 nm LED for control fluorescent signals (F415).
Both LEDs were set to a sampling rate of 120 Hz, enabling each chan-
nel to operate at 60 Hz. The power of excitation at the fiber tip was
adjusted to 25-35 pW. Throughout the recording session, mice were
anesthetized using 4% isoflurane during induction and 1.5-2% during
maintenance. The fiber, whichwas implanted in the mouse brain, was
connected to a prebleached recording patch cord (200 um, 0.39 NA)
provided by Doric Lenses. For Yoh injection (10 pl g7, 4 mgkg™), a
catheter was placed i.p. During the photometry recording session,
an LC stimulation sequence was performed pre- and 15 min post-Yoh
injection. Each sequence consisted of three LC optical stimulations for
10 s each (5 Hz, 10 ms pulse width, 635 nm CNI laser at 10 mW output
power) with 2 min interstimulation intervals.

Simultaneous dual-site recordings in LC and dHPC during opto-
genetic stimulation. At 3-4 weeks after surgery, animals were habi-
tuated tothe experimenter by daily handling foracouple of days, before
being habituated to the setup and to head-fixation onalinear treadmill
(200-1005002100 and 700-100100 0010; Luigs & Neumann). Fiber
photometry recordings were realized using the PyPhotomety®' sys-
tem: the PyPhotometry-board controlled a multicolor light source
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(pE-4000; CoolLED) connected to the 400-480 nm port ofadichroic
cube (FMC5_E1(400-480)_F1(500-540)_E2(555-570)_F2(580-680)_S;
Doric Lenses). Excitation light was bandpass filtered at 405/10 nm
(catalogno. 65-133, Edmund optics) and 470/10 nm (catalog no. 7394,
Alluxa) and delivered in a temporally interleaved manner®. Excita-
tion power was adjusted such that the emission intensities of nLightG
were similar when excited at 405 and 470 nm, respectively. Emission
light was measured at the 500-540 nm port using a photodetector
(DFD_FOA_FC; DoricLenses), and digitized by the PyPhotometry-board
at130 Hz. Interfacing of the animal from the dichroic cube was achieved
with a low-autofluorescence patch cord (400 pm core diameter, 0.57
NA; MFP_400/430/3000-0.57_1m_FC-ZF1.25(F)_LAF, Doric Lenses),
connected to the implanted cannula with a zirconia mating sleeve
(SLEEVE_ZR_1.25; Doric Lenses), and covered with a black shrinking
tube to minimize optical noise. For dual-site recordings, two of these
systems were operated in parallel. Simultaneously, videographic
images of the animal’s eye were taken using a monochrome camera
(DMK 33UX249; The Imaging Source) equipped with a macro objec-
tive (TMN 1.0/50; The Imaging Source) and a 780 nm long-pass filter
(FGL780; Thorlabs), while the eye was illuminated at 850 nm with an
infrared spotlight. Optogenetic stimulation was achieved with custom
scripts written in MATLAB (v.R2019a, MathWorks), actuating on an
NI-DAQ-card (USB-6001; National Instruments), controllinga594 nm
diodelaser (Obis 594 nm LS100 mW; Coherent). Laser light was coupled
into the 580-680 nm port of the dichroic cube for activation of
ChrimsonR in noradrenergic neurons of the LC. Measurements were
synchronized by custom scripts written in MATLAB (MathWorks),
actuating on an NI-DAQ card (PCle-6323; National Instruments). For
pharmacological experiments, datawere first collected for the control
condition, subsequently for the injection of saline (10 pl g™ body-
weight, i.p.,~15 minbefore the recording), and finally for the injection of
desipramine (D3900-1G; Sigma Aldrich; 10 pg g™ bodyweight, diluted
insaline forinjections of 10 pg g ' bodyweight, i.p., ~15 min. before the
recording), to avoid a bias in favor of the desipramine condition due
to indicator bleaching. For experiments of LC lateralization, animals
were anesthetized withisoflurane (1.5-2% inair) and placed on aheating
pad to maintainbody temperature. Recordings started 5-10 min after
induction of anesthesia.

Data analysis for photometry and pupillometry recordings. For
single-site photometry data, analysis of the raw photometry datawas
performed using a custom-written MATLAB script. First, tofilter high
frequency noise (above 1 Hz), the lowpass filter function was applied
tobothrecorded signals: F560, F470/465 and control signal (Fcontrol,
signal excited at either 405 nm or 415 nm).

Next, to correct for photobleaching of fluorescent signal, the
baseline fluorescence Fcontroly,.in fit was calculated as a linear fit
applied to thefiltered Fcontrol, the F470/465 or the F560 signals dur-
ingthe baseline 5 s window preceding each stimulus. The signal of the
NEindicators were expressed as a percentage change in fluorescence:
AF/F,=100 x (F470/465/560(t) — Fcontrol, i fit(t))/Fcontroly,eeine
fit(t), where F470/465/560(t) signifies the filtered fluorescence
value at each time point t across the recording for either the 470
or 465 nm-excited signal or the 560 nm-excited signals, and
Fcontrol,,in fit(¢) denotes the value of the fitted control signal at
the time point ¢. The final AF/F, signal was averaged over the multiple
trials and smoothed with a ten-point moving mean filter. In the case
of optogenetic experiments, all traces were normalized to the pre-Yoh
AF/F,signal and plotted as percentage change.

For dual-site photometry data processing, the 405 and 470 nm-
excited signals were fitted with a polynomial function of first to the
fourth degree (based on visual inspection) using MATLAB’s polyfit
function, to capture the bleaching of each trace. Each signal was
thendivided by its fit, to correct for bleaching and normalize each sig-
nal. Traces were then smoothed with a moving-average filter (100 ms

window size). Finally, AF/F was calculated as the difference between
thebleaching-corrected, normalized, smoothed signals excited at 405
and 470 nm (see Extended Data Fig. 7 for further details). To identify
stimulus-evoked responses in pupillometric and photometry data,
traces were cropped around each stimulation event, usually from 15 s
before to 90 s after each event. Traces were then normalized by sub-
tracting the median pupil diameter/fluorescence during the second
before stimulus onset from each trace, before averaging all traces of
arecording session. Finally, stimulus-evoked responses were defined
as the median pupil diameter/fluorescence during the last second of
stimulus presentation. Time constants of the decay of responses ()
were estimated by an exponentialfit starting at stimulus offset. Process-
ing of pupillometric datawas performed as described before**: briefly,
the upper, lower, left and right edges of the pupil were tracked using
DeepLabCut®, samples with a certainty <0.5 were linearly interpolated
between the next neighboring samples with a certainty of >0.5, and the
pupil diameter was calculated as the maximum distance between two
opposing points of the pupil. Eye opening was calculated by tracking
the upperandlower edge of the eye, to remove blinking artefacts from
pupil data by linearly interpolating regions in which the eye opening
exceeds the moving median minus three times moving median absolute
deviation with asliding window of 30 s.

Invivo two-photonimaging

Two-photon imaging experiments during virtual navigation were
carried out on a custom apparatus similar to that described in
Curreli et al.*®. nLightG signals were imaged using an Ultima Investi-
gator scanhead (Bruker Corporation) equipped with galvo-resonant
scanner, x16/0.8 NA objective (Nikon), and multi-alkali photomultiplier
tubes. Two-photon excitation was obtained using a Ti:Sapphire pulsed
laser source tuned at 920 nm (Chameleon UltraIl, 80 MHz repetition
rate, Coherent). Imaging average power at the objective focus was
~60-85 mW. Fluorescence emission was collected by aphotomultiplier
detector downstream of a bandpass filter (525/70 nm) and Detector
outputsignal was firstamplified and then digitalized at 12 bits. Imaging
sessions were acquired using resonant-scanning at ~-30 Hz and 3x
opticalzooming factor.Images contained 512 pixels x 512 pixels (pixel
size, 0.53 um).

A personalized virtual reality configuration was established by
utilizing Blender, an open-source three-dimensional creation suite
(v.2.78c) available at blender.org. The virtual setting consisted of a
straight corridor with unidirectional movement (180 cm in length,
9 cmin width). The corridor’s close-range walls exhibited three dis-
tinct white textures (vertical lines, mesh and circles) set against a
black backdrop. The character’s viewpoint encompassed a horizon-
tal range of 220° and a vertical range of 80°, which was presented
through asetup of five thin-bezel LED screens arranged inacomposite
tiling fashion. The animal’s motion within the virtual corridor was
simulated in a 1:1 ratio using a specially designed three-dimensional
printed wheel (8 cm radius, 9 cm width) coupled with an optical
rotary encoder (Avago AEDB-9140-A14, Broadcom Inc.). To capture
the rotary encoder signals, a single board microcontroller (Arduino
Uno R3, Arduino) was employed and the signals were subsequently
converted into USB-HID-compliant serial mouse input. To provide
water rewards (approximately 4 pl), a custom lick-port controlled by
asolenoid valve (00431960, Christian Biirkert GmbH & Co.) was uti-
lized, whilelick responses were monitored using a capacitive indicator
(MTCH102, Microchip Technology Inc.). The virtual reality rendering
and two-photonimaging acquisition operated independently on asyn-
chronous clocks, with synchronization betweenimaging acquisitions
and behavior achieved through the utilization of the Ultima Investiga-
tor control system’s start-of-frame transistor-transistor logic signal.

Two weeks after surgery, animals underwent water-scheduling,
receiving approximately 1 ml of water per day. Weight was monitored
daily, and it remained within 80-90% of the prescheduling weight
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throughoutall procedures. Mice were first habituated to the operator
and to the experimental rig for two sessions of few minutes duration.
Animals were then habituated to head-tethering while receiving water
rewards upon spontaneous running bouts. Head-tethering time was
progressively increased reaching 45 min in five sessions. On average,
mice underwent eight training sessions where they were allowed torun
spontaneously while receiving water rewards at pseudorandom times.
Two-photon imaging experiments started on recording day 1, when
mice were exposed to the virtual corridor for the first time and lasted
for five consecutive days (days 1-5). Water rewards were available only
atspecific spatial locationsin the virtual corridor. Onrecording days 1
and 2, the water reward was located at 85 cm from the beginning of the
virtual corridor. At half of the recording session of day 3, the water
reward was moved to a different position (145 cm) and was keptin that
new position for recordings performed on days 4-5. In each virtual
corridor crossing, the mouse was teleported to the beginning of the
corridor after reaching the end of the track (intertrial timeout interval
5s).1fthe mouse did not reach the end of the corridor within120 s, the
trial was automatically terminated, and the mouse was teleported to
thebeginning of the corridor after anintertrial timeout. Onrecording
day1, a set of reference images spanning different depths within the
hippocampus was collected to identify an optical FOV and perform
longitudinal imaging of the same population of CAl neurons across
experimental days 1-5. On each experimental session, three temporal
series (12,500 frames per series; t-series duration, -415 s), interleaved
by 3-min breaks, were acquired during a virtual navigation session of
~45 min. At the end of each imaging session, animals were returned to
their home cage.

Data analysis for two-photon imaging experiments. Analysis was
performed using custom code written in Python v.3.6. t-series were
preprocessed to correct motion artifacts using an open-sourceimple-
mentation of upsampled phase cross-correlation®**, Motion correc-
tionwas first carried out for each day of recording, where each ¢-series
was motion corrected using its average projection as reference frame.
Average temporal projections of corrected t-series were then combined
in an image stack and used to compute x-y drifts with respect to the
first element of the image stack. Computed x-y drifts were applied to
the corrected t-series, which were then concatenated in asingle movie
containing allimaging frames of an experimental session. The resulting
movie was finally motion corrected using the global temporal average
projectionas areference image. To maximize the alignment across lon-
gitudinal experimental sessions, we used the results of within-session
motion-correction procedures. For each session, we computed aglobal
temporal average projection. Average projections were then com-
bined in an image stack and subject to motion-correction procedure
using the average projection of the image stack as reference. This
procedureyielded an array of across-session x-y drifts, and a stack of
motion-corrected average projections aligning each FOV across days.
The resulting stack was used to compute a global average projection.
The resulting x-y drifts were applied to all the frames of the relative
imaging session, which was further motion corrected using the latest
global average projection as areference.

Fluorescence signals were computed either over the whole FOV
as the average fluorescence intensity for each frame (Fig. 4a-i) or
on identified ROIs (Fig. 4j-0). To identify potential axial displace-
ment, for each session we computed the structural similarity index of
each frame with the average projection of the whole session. To mini-
mize theimpact of this residual uncorrected motion artifacts, frames
with a structural similarity index <0.9 were excluded throughout
all the following analysis. Importantly, the temporal dynamics of
structural similarity values provide an internal control for the
potential occurrence of stereotyped motion artifacts, which would
appear as repeated events in the temporal dynamics of structural
similarity.

Fluorescence signals from ROIs (putative CAl cells) were com-
puted using CITE-On*’ for both ROl detection and trace extraction. The
CITE-Onalgorithm was executed setting detection confidence thresh-
oldto 0.05and upscaling factor to 1. Within detected ROlIs, functional
nLightG signals were extracted from pixels with intensity comprised
within the 50th and the 95th percentile of the distribution of fluores-
cenceintensity. For each session, putative running epochs onset were
identified as timepoints in which the mouse speed exceeded1cms™
Runs were then selected when putative running epochs onsets were
preceded by 2 s ofimmobility (average speed <1 cm s™) and followed by
5sof sustained locomotion (average speed >1 cm s™). Reward epochs
were selected using the time-stamp of reward delivery provided by the
virtual reality software. For both running- and reward-event-triggered
analysis, fluorescence signals were analyzed within each epoch defining
atimewindow of (-2, 5) seconds relative to the epoch onset. For whole
FOV and ROl analysis, fluorescence F, was defined as the average raw
fluorescence intensity value observed in the interval (-2,0) seconds
preceding the epoch onset. Within each epoch of (-2, 5) seconds
fluorescence values F(t) were computed filtering raw traces with
a uniform mean filter (width 500 ms) centered at ¢, and AF/F, was
calculated as (F(t) - F,)/F,. The shuffled traces reported in Extended
Data Figs. 8 and 9 were computed as the average of 1,000 shuffling
ofthe raw fluorescence traces with respect to behavioral event (either
beginning of running or crossing the reward position). Least-squares
linear models were fitted on each individual session for each animal
using data recorded within event-triggered epochs intervals. Model
fitting was performed using ordinary least-squares implementation
in SciPy (v.1.10.1)*". For running epochs data were selected within
(0,5) seconds, while for reward epochs within (0,3) seconds. Average
models were computed as averages of models fitted on individual
animals’ data.

Pairwise correlation analysis of ROl signals was conducted meas-
uring the Pearson’s product-moment correlation coefficient for pairs
of ROIs using data from the intervals (0,5) seconds or (0,3) seconds
for running and reward epochs, respectively. Self-correlations were
removed. Hierarchical clustering of correlation matrices was per-
formed using the agglomerative unweighted pair group method with
arithmetic meanalgorithmimplementedin SciPy*’ over the Euclidean
distance.

Immunohistochemistry

For transcardial perfusions, mice were deeply anesthetized with intra-
peritoneal injections of Ketamine/Xylazine in saline (180/24 mg kg™),
and deep anesthesia was confirmed by absence of the hind paw with-
drawal reflex. Mice were initially perfused with ~50 ml of PBS, and
subsequently with ~50 ml of paraformaldehyde (PFA) (4% in PBS).
Explanted brains were postfixed in 4% PFA for at least 24 h, embedded
in3%agarose and coronalsslices of -50 pm thickness were obtained with
avibratome (VT100S; Leica Biosystems). Unspecific antibody binding
sites in brain slices were blocked (10% normal goat serum (NGS) and
0.3% Triton X-100 in PBS, 2 h, room temperature), before slices were
incubated with primary antibodies against eGFP (chicken a-GFP, 1:750;
catalogno.A10262, ThermoFisher Scientific) and tyrosine hydroxylase
(LC only; rabbit a-TH, 1:1,000; catalog no. AB152, Merck Millipore) in
carrier solution (2% NGS and 0.3% Triton X-100in PBS, 48 h, 4 °C). Slices
were thenwashed in PBS (three times for 5 min) before incubation with
secondary antibodies (Alexa Fluor 488 goat anti-chicken; catalog no.
A11039, ThermoFisher Scientific, and Alexa Fluor 647 goat anti-rabbit;
catalog no. A32733, ThermoFisher Scientific; both diluted 1:1,000 in
carrier solution) overnight at 4 °C. Finally, slices were againwashed in
PBS (three times for 5 min), incubated in 4,6-diamidino-2-phenylindole
in PBS for 5-10 min and mounted on microscope slides using Fluoro-
mount (Serva). Slices were then imaged using an epifluorescence
microscope (AxioObserver, Zeiss) with ax20/0.8 NA air objective and
images were processed using ImageJ v.1.52 (Fiji)*.
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Statistical analyses

For in vitro analysis of indicator variants, the statistical significance
of their responses was determined using GraphPad Prismv.9.0.0 ona
case-by-case basis using either a two-tailed unpaired Student’s ¢-test
with Welch’s correction or a Brown-Forsythe analysis of variance
(ANOVA) test followed by Dunnett’s T3 multiple comparison. For in vivo
single-site photometry experiments, we used one-sample, paired
and unpaired t-tests for statistical analysis of parametric data, while
Wilcoxon rank-sum or signed-rank tests for analysis of nonparametric
data. For in vivo dual-site photometry experiments, one- and two-
sample, two-tailed t-tests were performed to compare a single sample
against a reference value or two samples against each other, after
normality of the data was confirmed using a Jarque-Bera test. For
comparison of three or more groups, one-way ANOVA was performed
and—when significant—post hoc comparisons between groups were
performed using Tukey’s test. All P values are indicated in the figure
legends. Data are displayed as mean with s.e.m. or s.d., as noted in
thefigurelegends. No statistical methods were used to predetermine
samplesize.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

DNA and protein sequences for indicators developed in this study were
deposited on NCBI (accession numbers ON737776-0N737782) or are
availablein Supplementary Datalof Supplementary Information. DNA
plasmids used for viral production have been deposited both with the
UZH Viral Vector Facility (https://vvf.ethz.ch/) and on AddGene. Viral
vectors can be obtained either from the Patriarchi laboratory, the
UZH-VVF or AddGene. Source data are provided with this paper. Due
toits large size raw data can be made available only upon reasonable
request.

Code availability
Custom MATLAB codeisavailable on https://github.com/patriarchilab/
nLightGunderaGNUv.3license.
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Extended Data Fig.1| Development of nLightG and nLightR. a, Representative
images of indicators expressed in HEK293T cells in the absence or presence

of NE (10 pM) and heatmaps of fluorescence responses. Scale bar, 15 um.

b, Quantification of basal brightness and dynamic range. n =21 cells.

¢, d, Normalized fluorescence intensity dose-response curves of nLightG and
nLightR for NE (c) and DA (d) in HEK293T cells. Four-parameter dose-response
curvefits determined the ECs, values. n = 3 wells per concentration for each
ligand. e, Sequence of RdLightl, dLight1.3b and sperm whale Alpha-1 AR with
reference BW numbering. f, g, Dynamic range of red (f) or green (g) indicator
variants generated by grafting at different BW registries. The response was
measured in HEK293T cells upon addition of NE (10 uM). n = 21 cells. P values were
as follows: 1.585x107% (f); 5.66-6.30, 4.149x10™7; 5.65-6.31,9.093x107; 5.64-6.32,

2.199x1075;5.62-6.34, 4.341x10™; 5.61-6.35, 3.283x10 7 (g). h, Dynamic range
oftheredindicator variants with or without ICL2 grafting measured in HEK293T
cells.n=21cells. P =2.625x107".1, Left, time trace of the relative fluorescent
response of nLightR (with or without ICL2 graft). Saturating concentrations of
DA (200 pM) and NE (10 pM) were added consecutively. n = 21 cells for each trace.
Right, ratio of average fluorescent responses to DA versus NE from traces shown
onleft. P=2.292x10"*. j, Same as in (h) but for nLightG and using the ICL2 of
dLight1.3b for grafting. P = 0.566. k, Same asin (i) but for nLightG. P =2.103x107>.
All dataare shown as mean + SEM. All experiments were repeated at least three
times with similar results. Mean values were compared using a two-tailed
Students t-test with Welch’s correction.
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Extended Data Fig. 2| Additional in vitro characterization of nLightG and
nLightR. a, Fluorescence response of GRABy;,,, in HEK293T, and quantification
of mean responses to ligands. NE (10 pM), trazodone (Trz,100 nM) and (Yoh
(100 nM) were added consecutively. Error bars represent mean + SEM.n =11
cells from 3 independent experiments. n.s., P = 0.9902; ***P =1.374x10%. b, Left,
representative images of cellular brightness for nLightG and GRABy,,,,. Scale
bars, 20 pm. Right, violin plot comparison of basal brightness between nLightG
and GRABy;,,,. Medians are thin dotted lines. n = 46, 37 cells for nLightG and
GRABym, respectively, from 3 independent experiments. n.s., not significant.

P =0.4839. a-b, Two-tailed Students t-test with Welch'’s correction. ¢, One-photon
fluorescence excitation and emission spectra of nLightG in the presence (Sat) or
absence (Apo) of NE (100 pM). n =4 wells.d, same asin (c) for nLightR. e, Two-
photon brightness of nLightG in HEK cells. Spectra are normalized to the Apo
form at 950 nm. Ratio between Sat and Apo is shown as black dotted line.n=3
dishes.f, Left, normalized fluorescence dose-response curves of NE in nLightG-
and nLightR-expressing neurons. Datapoints were fitted with four-parameter

dose-response curves to determine ECs, values. n =11 cells for nLightGandn=3
cells for nLightR from three independent experiments. Right, maximal AF/F,
response of nLightG- and nLightR-expressing neurons to NE or DA. Both ligands
were separately applied at 300 pM concentration on the cells. n =11, 24 cells

for nLightG with NE and DA, respectively, and n =5 cells for nLightR with NE

or DA. Two-tailed Students t-test with Welch'’s correction. P values: 3.421x10~°,
nLightG; 2.240x10"%, nLightR. mean + SEM. g, Fluorescence response of nLightG
to non-ligand neurotransmitters (10 pM). Welch ANOVA with Dunett’s multiple
comparison test. Data are shown as mean = SEM. n (cells) as follows: 12 for HBSS;
23 for NE; 24 for Epi; 23 for DA; 23 for 5-HT; 26 for Ach; 23 for Ado; 21 for Hist;

22 for GABA; 21 for Glu. P values: NE, P <10™; Epi, P <10™; DA, P = 0.931x10°%;
Ser, P=0.066; Ach, P=0.999; Ado, P = 0.705; His, P = 0.999; GABA, P = 0.999;
Glu,P=0.999.h,same asin (g) for nLightR. P values: NE,P <10™; Epi, P <107;
DA,P<107";Ser,P=0.887; Ach,P=0.998; Ado, P = 0.999; His, P = 0.999; GABA,
P=0.999; Glu, P=0.998. All experiments were repeated at least three times with
similar results.
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Extended Data Fig. 3| Signaling characterization of nLightG and nLightR.

a, Intracellular calcium signaling for nLightG and swAlpha-1 AR. Calcium activity
was measured at baseline conditions, during NE (10 pM) and ionomycin (10 pM).
Signals were normalized toionomycin response. n =19 and 22 cells for swAlpha-1
AR-jRGECO1la and nLightG-jRGECO1a. b, Statistical analysis of a. Each data point
isthe mean jJRGECOla response for one cell. Violin plot represents the kernel
density estimate of the probability density function for each sample. Two-

tailed Students t-test with Welch’s correction. P =2.887x107. ¢, Same as in a for
nLightR. n=21and 23 cells for swAlpha-1 AR-GCaMPé6s and nLightR-GCaMPé6s,
respectively. d, Same asinb for c.P=3.393x10%. e, Luminescence signal ratios

upon ligand stimulation (NE, 10 pM). The ratios were normalized to the baseline
luminescence ratio before the addition of NE. Each trace is the average of three
independent experiments. f, Same as in e but for nLightR. g, Statistical analysis
of datashownin e and f. Two-tailed Students t-test with Welch’s correction.
Pvalues were as follows: mini-Gq, swAlpha-1AR, 7.75x107%; nLightG, 0.590;
nLightR, 0.589; mini-Gs, swAlpha-1AR, 3.88x107%; nLightG, 0.281; nLightR,
0.410; mini-Gi, swAlpha-1AR, 0.126; nLightG, 0.792; nLightR, 0.147; -arrestin-2,
swAlpha-1AR, 8.97x107% nLightG, 0.134; nLightR, 0.377. All data are shown as
mean + SEM. All experiments were repeated three times with similar results.
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Extended Data Fig. 4 | Pharmacological characterization of nLightG and
GRAB\;,,,in anesthetized mice. a, Schematic representation of viral injections
for photometry recordings of nLightG or GRABy;,,,in VHPC during optogenetic
stimulation of LC in anesthetized mice. b, Experimental protocol for optogenetic
stimulation combined with druginjection during isoflurane anaesthesia. c, Left,
average traces of normalized signal changes (AF/F, %) of GRAByg,,, photometry
recordings in response to three LC optical stimulation protocols (5 Hz) pre-and

post- yohimbine injection. Signals were normalized to the average peak value pre-
yohimbine. The period of optogenetic stimulation is represented with an orange
shade. Right, statistical comparison of peak normalized AF/F, % responses to 5 Hz
LC between pre- and post- yohimbine injection. P = 0.0014, n = 7 mice, two-sided
one-sample t-test.d, Same asin ¢ for nLightG. n.s., non-significant (P=0.31),n=9
mice, two-sided one-sample t-test. All data are shown as mean +S.E.M.
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Extended DataFig. 5| Processing of fiber photometry data presented in Fig.
4.a, Processing of an example photometry trace in response to optogenetic
stimulation (pink) of the same site (LC). nLightG was excited at wavelengths

of 470/10 (‘ligand-dependent’) and 405/10 nm (‘control’), in a temporally
interleaved manner. 10 minutes-long, 30 seconds-long, and 5 seconds-long
recordings are shown from left to right, dashed boxes indicate magnified regions.
Firstly, a1-4"™ degree polynomial fit was applied (black line). Subsequently,
signals were divided by this fit, to correct for bleaching and normalize them
(center top). Next, signals were smoothed with amoving-average filter of a

100 ms (center bottom). Finally, AF/F,was calculated as the difference between
the resulting signals excited at 470/10 and 405/10 nm (bottom). Original

signals contained substantial artefacts likely to originate from locomotion

405 470 405
405 nm [Z-score] 470 diff  diff
and hemodynamics (as seen by the oscillations of 10-13 Hz likely to originate
from the animal’s heartbeat” in the bleaching-corrected unsmoothed trace).
These artefacts are substantially reduced by subtracting the 405/10 nm-excited
signal from the 470/10 nm-excited signal. b, Heatmap of 20 individual trials of
optogenetic stimulation, corresponding to the processing steps shownina.c,
Mean + standard deviation of the trials shown inb. d, Plot correlating z-scored
dataacrossall animals (n = 6) excited at 405/10 nm vs 470/10 nm (Pearson’s
correlation coefficient r = 0.61). e/f, Plot correlating z-scored data across all
animals (n = 6) excited at 470/10 nm e and 405/10 nm fagainst the calculated AF/
F, (e, Pearson’s correlation coefficient r = 0.61; f, Pearson’s correlation coefficient
r=-0.19).g, Individual Pearson’s correlation coefficients fromd,e,f(n=6
animals). Data are shown as mean + standard deviation.
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Extended Data Fig. 6 | Running-induced nLightG signals in the mouse
hippocampus. a, Event-triggered averages for individual animals (n =4)
showing the changesin nLightG signal amplitude over the whole field-of-view
when the mouse started running for the five consecutive recording days. Signals
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animalsin the virtual corridor when the mouse started running. Color code asin
a.c,Sameasinb forlick rate.d, Structural similarity in the time interval displayed
ina-c. e, nLightG signal amplitude as a function of running speed for individual
animals. f, nLightG signal amplitude as a function of lick rate for individual
animals. Inatof, datais presented as (mean + 95% confidence interval).
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Extended Data Fig. 7 | nLightG signals associated with reward positionin
the mouse hippocampus. a, Event-triggered averages for individual animals
(n=4)showing the changes in nLightG signal amplitude over the whole field-
of-view when the mouse crossed the reward position for the five consecutive
days of recording. Signals were recorded using two-photon microscopy. The
colorsindicate the different animals (subject1-4). b, Event-triggered averages
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of running speed of individual animals in the virtual corridor when the mouse
crossed the reward position. Color code asin a.c, Same asinb for lick rate.

d, Structural similarity in the time interval displayed in a-c. e, nLightG signal
amplitude as a function of running speed for individual animals. f, nLightG
signal amplitude as a function of lick rate for individual animals. Ina tof, datais
presented as (mean + 95% confidence interval).
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Extended Data Fig. 8 | ROl selection for analysis of in vivo two-photon data. the zoomed in area shown in (b). White boxes indicate regions-of-interest (ROIs)
a-b, Representative field-of-view showing hippocampal CAl neurons expressing identified within the field-of-view and centered on putative cells using the

nLightGin vivo (same field-of-view as in Fig. 4j). The red solid line in (a) indicates machine learning algorithm CITE-On*. Scale bar, 50 pm.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Further comparison between our and published
indicators. a, Basal brightness of LightG and LightR indicator constructs plotted
against their fluorescence response AF/F,in HEK293T cells. Basal brightness
valuesreflect the average brightness of indicator-expressing HEK293T cells
intheligand-free state. Grafts containing only the ICL3 module of LightG or
LightR arerepresented as triangles. Grafts containing ICL2 and ICL3 modules of
LightG or LightR are represented as circles. Previously published indicators are

represented as rectangles. b, Absolute changes in fluorescence (AF) of LightG
(green) and LightR (red) grafts measured in HEK293T cells for a set of ten GPCRs.
n =21 cells from three independent experiments. Data were obtained from the
same imaging experiments shown in Fig. 5. ¢, Heatmap of AF for a subset of
indicators (those with AF > 0.3). Scale bars, 20 um. All experiments were repeated
atleast three times with similar results.
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Extended DataFig. 10 | Ligand EC,, measurements for a subset of indicators.
Normalized fluorescence dose-response curves of a, AchLightR (AchLightR-DG,
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in HEK293T cells and titrated with their endogenous agonists. Datapoints were
fitted with four-parameter dose-response curves to determine the ECs, values.
n=3wells per concentration for each ligand. All data are shown as mean + SEM
and all experiments were repeated three times with similar results.
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