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Neuropeptides are ubiquitous in the nervous system. Research into
neuropeptides has been limited by a lack of experimental tools that

allow for the precise dissection of their complex and diverse dynamics
inacircuit-specific manner. Opioid peptides modulate pain, reward

and aversion and as such have high clinical relevance. To illuminate the
spatiotemporal dynamics of endogenous opioid signaling in the brain,

we developed a class of genetically encoded fluorescence sensors based
on kappa, deltaand mu opioid receptors: kLight, SLight and pLight,
respectively. We characterized the pharmacological profiles of these
sensors in mammalian cells and in dissociated neurons. We used kLight to
identify electrical stimulation parameters that trigger endogenous opioid
release and the spatiotemporal scale of dynorphin volume transmission in
brainslices. Using in vivo fiber photometry in mice, we demonstrated the
utility of these sensors in detecting optogenetically driven opioid release
and observed differential opioid release dynamics in response to fearful and

rewarding conditions.

Neuropeptides (NPs) are small proteins that modify neural activity,
regulate brain states and control blood flow in the nervous system'™.
Neurons synthesize and release NPs in addition to fast-acting neuro-
transmitters (NTs) such as glutamate and GABA®. NPs activate select
G-protein-coupled receptors to modulate synaptic strength, neuronal
excitability and circuit dynamics. Unlike small-molecule NTs, NPs are
hypothesized to bereleased into the extrasynaptic space and thought
tobecleared by proteolysis and diffusion over arange of 100 microm-
eters to millimeters to affect neurons, leading to long-lasting modu-
latory effects®®. A comprehensive understanding of the conditions
thattrigger NP release from neurons and the spatiotemporal extent of
peptide release has beenlacking, and yet is critical for understanding
the actions of NPs at the molecular, cellular, circuit and network levels
to their influence on animal behavioral states.

Among all known NPs, the opioid system is the most functionally
diverse and clinically relevant family®™. The opioid receptor family
contains distinct receptor subtypes—kappa, deltaand mu (kOR, SOR
and LOR, respectively), aswell as nociception receptors—which canbe
activated by at least 20 endogenous opioid peptides with differential
affinity and selectivity''*”. kOR, §0R and pOR and nociception opioid
receptorsactivate inhibitory G;,, G-proteins, which leads to reductions
incellular excitability and NT secretionin receptor-expressing neurons.
Opioid peptides and their receptors are widely distributed across
cortical and subcortical brain regions'". It is thought that the diver-
sity of opioid peptides is essential for modulating complex behavior
and physiological processes, such as pain, reward, substance abuse/
dependence and stress?. Opioid drugs targeting these receptors are
used to treat severe pain, but prolonged use canlead to addictionand
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overdose?. Newer efforts have isolated opioid receptors as potential
targets for anxiety, depression and addiction”**. Some of these efforts
havebeen hindered by alack of high-resolution methods for studying
endogenous NP release in vivo.

Studiesinto NP systems, especially opioid systems, have been his-
torically challenging due to alack of sensitive experimental toolsin the
spatial and temporal domains, which canfacilitate understanding the
complexity and diversity of NP signaling in a circuit-specific manner.
The endogenous opioid peptides have similar structures and bind to
different opioid receptors with relatively lower selectivity than some
NP molecules at their cognate receptors'. Physiologically relevant NP
release by neuronsisthought to be difficult to trigger, and the released
concentration may also be at orders of magnitude lower than classical
NTs (nanomolar versus micromolar or even submillimolar)®*, making
itextremely difficult to adequately probe the conditions to trigger the
endogenous peptide release and measure the released concentration
exvivoandinvivo®. Asaresult, it has been exceedingly difficult tostudy
the processes that regulate opioid NP release. Recent technological
advances havebegunto reveal the anatomical and spatiotemporal fea-
tures of opioid signaling®”. Transcriptomics studies have documented
the distribution of opioid peptide-receptor pairs across cell types in
the cortex, highlighting the substantial function of opioid signaling in
mediating transcellular communication in neural circuits®. Features
of peptide diffusion and clearance have been revealed by combining
light-triggered photorelease of caged enkephalin with electrophysi-
ological measurements of peptide-evoked currents in brain slices™.
Invivo, optogenetically driven peptiderelease has been detected using
high-speed microdialysis®. Despite these successes, it remains chal-
lenging to quantify behaviorally relevant endogenous opioid peptide
release with subsecond and subregional resolution.

To bridge this gap in technology, we developed a class of geneti-
cally encoded opioid peptide indicators, kLight, SLight and pLight,
based onkOR, 50OR and pORrespectively. We used these sensors to sys-
tematically evaluate ligand binding-induced conformational changes
at all three receptors and thereby established the binding specificity
and efficacy of 14 opioid peptides and 8 opioid drugs. In acute hip-
pocampalslices, we used kLight to determine electrical parameters that
cantrigger endogenous opioid peptiderelease and quantified the diffu-
sionrate of dynorphin using photoactivatable peptides. Using optoge-
netics to stimulate opioid peptide release, we detected circuit-specific
endogenous opioid signalingin vivo. Finally, we used these sensors to
reveal rapid opioid peptide release in a subregion-specific mannerin
response to fear and reward conditions within the nucleus accumbens
(NAc) of awake, behaving mice.

Results

Design and engineering of opioid biosensors

We replaced amino acids between R257 in the intracellular loop (ICL)
3andRé6.24 onthe transmembrane domain (TM) 6 of thehuman kOR,
S$247inICL3 and K6.24 in TM6 of the human 8OR, and S6.23 in TM6
and K6.24 in TM6 of human pOR, with a circularly permuted green
fluorescent protein (cpGFP), to generate kLight, SLight and pLight sen-
sors, respectively (Fig.1a,b and Extended DataFig.1a,b). The dynamic
range of each sensor was optimized by screening linker compositions.
In total, the dynamic ranges of 698 kLight variants, 64 SLight vari-
ants and 233 pLight variants were examined in response to U50,488,
met-enkephalin (ME) and DAMGO, respectively (Extended DataFig. 1c).
To promote excellent membrane localization, we fused a telencephalin
(TlenC) tag™ or endoplasmic reticulum (ER) export motif (FCYENEV)*
followed by a chain of GS linker and the proximal restriction and clus-
tering (PRC) tag™ to the C terminus of kLight, SLight and pLight. We
named these new variants kLight1.3, 6Lightland pLightl, respectively.
Inaddition, we mutated D3.22 of kORand D3.32in §0ORin the binding
pockets to attenuate the ligand binding, which led to two control
sensors kLightO and 6LightO.

When transiently expressed in mammalian HEK293 cells and
dissociated neuronal cultures, we observed excellent membrane
expression of kLight1.3, SLight and pLight. All three sensors were
activated by their endogenous receptor agonists (100 pM), dynor-
phin A1-8 (DynA8), ME and 3-endorphin, respectively (signal-to-noise
ratios (SNR) values for kLight1.3 (HEK) = 7.5 + 0.45; kLight1.3 (neu-
ron) =5.6 +0.2; SLight (HEK) =16 + 0.62; 6Light (neuron) =8.9 + 0.43;
pLight (HEK) = 4.7 £ 0.26) (Fig. 1c,d and Extended Data Fig. 1d). The
ligand-induced responses (kLight1.3 change in fluorescence (AF/F);
neuron) = 151% + 5.1%; SLight AF/F (neuron) =123% + 19.4%; pLight
AF/F (neuron) =19.6% + 3.2%) were blocked by naloxone (1 mM),
which is an antagonist for all three receptors (Extended Data
Fig.1e).

To eliminate response variability due to inconsistent expression
level of sensors via transient transfection, we developed HEK293T cell
lines stably expressing kLight1.3, §Light and pLight. Using these
cell lines, we characterized the promiscuity of endogenous opioid
peptides on activating sensors®*. First, all three sensors have con-
sistent excitation peak wavelengths at 495 nm and emission peaks
at 515 nm (Extended Data Fig. 1f). Second, in situ titration showed
that all three sensors can be activated by three distinct endogenous
opioid peptides but with different potency and efficacy. kLight1.3
responded to dynorphin A1-13 (DynA13) with an apparent half
maximal effective concentration (ECy,) of 89.8 pM, which is three
magnitudes higher than B-endorphin and ME. However, at higher
concentrations (>10 pM), kLight1.3 displayed higher fluorescence
changes to B-endorphin, followed by DynA13 and ME (AF/F (kLight -
DynA13) = 93.6% + 3.9%; AF/F (xLight - B-endorphin) =126.9% + 8.6%;
AF/F (xLight - ME) = 80.3% + 1.8%; Fig. 1e). 6Light was activated by ME
with an EC,, of 6.5 nM, which is two orders of magnitude greater than
DynA13 and -endorphin, and had higher fluorescence efficacy com-
pared to these two peptides (AF/F (6Light - DynA13) =232.6% + 6.8%;
AF/F (6Light--endorphin) =147.9% + 4.1%; AF/F (6Light - ME) = 246.1% +
4.6%; Fig. 1f). In contrast, we did not observe apparent responses of
control sensors when the binding pocket was ablated (kLightO or
SLightO; Extended Data Fig. 1g,h). To further examine the selectiv-
ity for kLight1.3 and SLight in the context of neurons, we infected
dissociated hippocampal neurons with AAV9-hSyn-xLight1.3 and
AAV9-hSyn-SLight, respectively. We performed in situ titrationin dis-
sociated hippocampal neurons in the same context asinthe HEK293T
stable cell line. Expectably, the selectivity of both sensors in neurons
is consistent to that in HEK293T cells (Extended Data Fig. 1i,j). How-
ever, all three endogenous opioid peptides showed similar sensor
potency and efficacy for pLight activation (Extended Data Fig. 2a),
suggesting that further improvement and engineering are required.
Together, at presumed physiological conditions (pM-100 nM),
both kLightl.3 and SLight are selective and sensitive to endogenous
opioid peptides.

Next, we sought to determine the selectivity of antagonists acting
on kLightl.3 and &Light. By running the in situ titration in antagonist
mode® using the same HEK293T stable cell lines, we were able to deter-
mine the selectivity of antagonists acting on kLight1.3 and SLight. In
addition to naloxone, we chose nor-binaltorphimine (Nor-BNI), ICI
174864 and CTAP, which selectively antagonize kOR, §0R and pOR,
respectively. As expected, increasing the concentration of naloxone
(100 nMto 10 pM) shifted the apparent ECs,to the right for DynAl3 and
ME for kLightl.3 and &Light, respectively: naloxone inhibited SLight
with twofold greater affinity thankLight (p2A (GLight - naloxone) = 7.64,
pA2 (kLight-naloxone) = 5.68). Nor-BNI displayed slightly higher affin-
ity in blocking kLight than SLight (pA2 = 8.28 and 7.3, respectively;
Fig.1g-j,0,p). We did not observe apparent antagonism of kLight by ICI
174864, whereas it effectively inhibited activation of §Light by ME (pA2
SLight - 1C1174864 = 7.17; Fig. 1k,1,0,p). The pOR-selective antagonist
CTAP did not affect the EC5, of DynAl3 or MEin either kLight or &Light,
respectively (Fig. Im-p).
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Fig.1|Development of the opioid sensors. a,b, Simulated structure of kLight
(a) and 8Light (b). ¢,d, Representative images of four independent transient
transfections of kLight1.3 (c) and SLight (d) in HEK293T cells and cultured
hippocampal neurons. Heat map indicates SNR upon addition of DynA8 (100 pM)
or ME (100 pM). Scale bar, 20 pm (cells) and 50 pm (neurons). e,f, Insitu titration
of kLight1.3 (e) and SLight (f)-expressing HEK293T cells respond to ligands in
aconcentration-dependent manner (DynA13, blue; 3-endorphin, gray; ME,
black). Error bars represent the s.e.m. The highlighted area corresponds to a
concentration range from 1 pM to 10 nM or 100 pM to 100 nM. Dyn, dynorphin.

log[ME] (M)

log[ME] (M)

g,h, Schild plot of kLight1.3 (g) and SLight (h) dose response with100 nM, 1 pM
and 10 uM of naloxone. i,j, Schild plot of kLight1.3 (i) and SLight (j) dose response
with100 nM, 1M and 10 pM of Nor-BNI. k 1, Schild plot of kLight1.3 (k) and
SLight (I) dose response with100 nM, 1 pM and 10 uM of IC1174864. m,n, Schild
plot of kLight1.3 (m) and &Light (n) dose response with100 nM, 1 pM and 10 pM
of CTAP. 0, Combined Schild regression with Nor-BNI and naloxone on kLight1.3.
p, Combined Schild regression with Nor-BNI, naloxone and IC1174864 on §Light.
e-o,n=4.Errorbarsrepresent thes.e.m.

-log[Antagonist]

Selectivity and pharmacology of the opioid biosensors

We next used a low concentration (10 nM) of a broad panel of endog-
enous and synthetic ligands to evaluate their rank order of response
forinducingsensor fluorescence. We found that known kOR-selective
endogenous peptides induced significantly greater fluorescence
changes atkLight compared to 5OR-selective or pOR-selective ligands.
Among the dynorphin peptides, the shorter-form dynorphin DynA8
induced lower activation of kLight compared to DynA13. Interestingly,
nalfurafine, asynthetic kOR agonist, elicited an almost twofold greater

fluorescence change compared to the dynorphins (Fig. 2a). For Light
cells, enkephalins and 80R-selective agonists elicited larger responses
compared to other ligands; deltorphin I displayed similar efficacy as
ME and LE for 8Light activation (Fig. 2b). Endogenous opioid peptide
agonists at HOR, including 3-endorphin, endomorphin, metorphina-
mide and BAM18, displayed various efficacies for kLight1.3 and SLight
activation, although to amuch smaller extent compared to kKOR-specific
and S0R-specific peptides. Notably, U50,488 and U69,593 selectively
activated kLight over SLight, while SNC80 and SNC162 activated SLight
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Fig. 2| Pharmacological characterization of kLight and 8Light. a, Normalized
AF/F of kLight1.3 upon addition of the listed compounds (10 nM). Af/F of all
compounds are normalized to DynA13 (DynA13:1+ 0.03, DynA17:0.89 + 0.08,
DynAS8: 0.61+ 0.04, DynB9:0.97 + 0.03, B-neoendorphin: 0.26 + 0.03,
nalfurafine:1.91 + 0.09, U69,593:0.12 + 0.06, U50,488: 0.42 + 0.03, ME:
0.18+0.005, LE: 0.24 + 0.02, deltorphin: 0.26 + 0.02, DPDPE: 0.19 + 0.04,
SNC162:0.009 + 0.02,SNC 80:0.17 + 0.008, B-endorphin: 0.21+ 0.01,
endomorphin: 0.15 + 0.05, metorphinamide: 0.41 + 0.06, BAM18: 0.48 + 0.03,
DAMGO: 0.17 + 0.03, morphine: 0.08 + 0.02, fentanyl: 0.26 + 0.02, oxycodone:
0.16 + 0.04, methadone: 0.04 + 0.03, buprenorphine: 0.27 + 0.01; n = 4 wells
each. ***P < 0.0001, one-way analysis of variance (ANOVA) compared to DynA13
with Sidak’s multiple-comparisons test). Error bars represent the s.e.m.

b, Normalized Af/F of SLight upon addition of the listed compounds (10 nM).

AF/F of all compounds were normalized to ME (ME: 1+ 0.01, LE: 0.84 + 0.01,
deltorphinl:1+0.07, DPDPE: 0.15 + 0.01, SNC162: 0.54 + 0.02, SNC80:
0.42+0.03,DynA13:0.15+ 0.01, DynA17: 0.12 + 0.004, DynA8: 0.58 + 0.03,
DynB1-9:0.53 + 0.01, B-neoendorphin: 0.26 + 0.01, nalfurafine: 0.24 + 0.03,
U69,593: 0.014 + 0.014, U50,488: 0.009 + 0.004, B-endorphin: -0.03 + 0.004,
endomorphinl:0.12 + 0.01, metorphinamide: 0.07 + 0.02, BAM18:0.23 + 0.01,
DAMGO: 0.2 + 0.01, morphine: 0.12 + 0.005, fentanyl: 0.25 + 0.04, oxycodone:
0.11+0.01, methadone: 0.06 + 0.006, buprenorphine: 0.22 + 0.003; n = 4 wells
each.***P<0.0001, ***P=0.0006, one-way ANOVA compared to DynA13 with
Dunnett’s multiple-comparisons test). Error bars represent the s.e.m.c-e, log
s-slope values (innM™) of KOR (c), SOR (d) and pOR (e)-specific ligands plotted
intriangle plots (kLight, blue; 5Light, green; pLight, magenta). Higher s-slope
values are located on the outer triangle. Enk, enkephalin.
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over kLight, confirming the sensors’ specificity to receptor-specific
small-molecule agonists (Fig. 2a,b).

Wethenused radar plots tocompare the proportionality constant
(s-slope) of various receptor-selective ligands for activating each sen-
sor (Fig.2c-eand Extended Data Table 1). The s-slopeis a constant that
links the variables of dynamic range (AF/F,,,,) and EC,, of a given sensor
response to adrug, defined as AF/F,,,./ECs,. It highlights both the effi-
cacy and potency of drugs on sensor responses®. By plotting s-slope
values of individual ligands on three sensors as aradar plot, we found
thatthelong forms of dynorphinare more potentinactivatingkLight1.3
thanthe short forms, the latter of which displayed considerable activ-
ity at 8Light as well. Both nalfurafine and U50,488 were selective for
kLightl.3 (Fig. 2c). The enkephalins (both ME and Leu-Enk (LE)), as well
as 3-endorphin, were highly selective for 8Light, whereas deltorphin|
and DPDPE displayed similar s-slopes for kLight1.3 and SLight. Despite
low efficacy at kLight1.3, the s-slope of SNC80 was slightly higher at
kLightl.3 than that at SLight (Fig. 2d). Notably, pLight was insensitive
tomorphine, whereas the latterinduced slight fluorescence increases
at kLightl.3 and SLight. In contrast, methadone activated all three
sensors with similar efficacy and potency. Buprenorphine activates
all three sensors but showed higher potency for pLight and 6Light.
On the other hand, other pOR-selective synthetic drugs, including
DAMGO, fentanyl and oxycodone, engaged pLight with higher s-slopes
compared to kLightl.3 and &Light (Fig. 2e). Interestingly, oxycodone
and buprenorphine suppressed, rather than enhanced, pLight fluo-
rescence; thus, the s-slope was calculated using the absolute AF/F,,,,
(Extended DataFig. 2b).

To determine whether the insertion of cpGFP perturbs the ligand
binding properties of these receptor-based opioid sensors, we first
assessed the binding profile of both sensors and their corresponding
receptors, followed by examining the ability of kLight1.3 and SLight to
engage G-protein and B-arrestin pathways coupled to KOR and §0OR,
respectively. We conducted a radioligand binding assay using cells
expressing each sensor and a panel of ligands that includes several
endogenous peptides'®*>%, For cells stably expressing pLight, endog-
enous opioid peptides displaced [*H] diprenorphine binding with nM
IC,, except for metorphamide (UM IC,). Specific binding detected
in the presence of these peptides ranged from 34% + 2% for peptide F
to 82% + 2% with BAM18. In the case of synthetic agonists, we see that
DAMGO and oxycodone have nM IC;, while morphine and fentanyl have
HMIC,,. Interestingly, in the case of fentanyl, we found that it exhibits
nMIC,,in CHO cells stably expressing pORs (Extended Data Table 2).
For cells stably expressing SLight, the endogenous opioid peptides
and the synthetic agonists displaced [*H] diprenorphine binding with
nM IC,, except for peptide E (1M ICs,). Specific binding detected in
the presence of the endogenous peptides ranged from 32% + 3% for
BAMIS8 to 77% + 4% with ME (Extended Data Table 2). For cells stably
expressing kLightl.3, the endogenous opioid peptides and the syn-
thetic agonist U69,593 displaced [*H] diprenorphine binding with nM
IC,,. Specific binding detected in the presence of the endogenous pep-
tidesranged from10% + 5% for ME to 76% + 2% with DynB13 (Extended
Data Table 2). We next compared binding parameters of sensors with
those of receptors as previously reported under similar conditions™®.
Using s-slope analysis, we found that binding parameters of sensors
and receptors correlated in all three cases (Extended Data Fig. 2c-e).
A positive correlation, especially for kLight and SLight, suggested
thatbothradioligand binding assay and fluorescence assay can report
peptides’ efficaciousness similarly. Where pLight shows a negative
correlation to pOR indicates that the dynamic range and affinity of
HLight still needs improvement to reliably report binding profiles for
endogenous peptides.

Besides comparing the sensors with radioligand binding, we
assessed the signaling conductivity directly onkLightl.3 and SLight. By
implementing NanoBiT assay, we measured luminescence values indi-
catingthe elevation of 3-arrestinl upon addition of DynA17 comparing

between kLightl.3 and kOR, and addition of DADLE comparing between
SLight and SOR. Unsurprisingly, the addition of cpGFP eliminated the
B-arrestinl-recruiting capability of kLight1.3 and SLight (Extended
DataFig. 2f). On the other hand, we assessed the DynAl17 inhibition of
forskolin-induced cAMP elevation by applying the GloSensor assay
onto kLightl.3 and kOR, and same paradigm for DADLE inhibition
onto SLight and 8OR. The result indicates that neither kLight1.3 nor
SLightis able to reduce the ligand-induced elevation of cCAMP signals
(Extended DataFig. 2g).

Together, these datasuggest that the cpGFP insertion eliminated
thesignaling conductivity of thereceptorsandisnotlikely to perturbthe
binding pockets of the parent receptor. Our studies demonstrate that
peptide bindingto anopioid sensor triggers fluorescence changes that
correlate with the binding of the peptide to the receptor, making the
sensors serve as useful tools to quantify differences in ligand-driven
conformational changes between peptides.

Imaging dynorphin diffusion in brain tissue with kLight
Photoactivatable or ‘caged’ synthetic variants of opioid NPs or photo-
sensitive nanovesicles can be activated with millisecond precision using
short flashes of light and have been optimized for spectrally orthogonal
use with GFP-based probes®. The spatiotemporal scale over which NP
volume transmission occurs in brain tissue has been determined by
combining photoactivatable NPs or nanovesicles, electrophysiological
recording or cell-based NP biosensors. We thus asked whether kLight
canreport opioid peptide volume transmission in brain tissue using
photo-uncaging experiments.

To choose the most appropriate kLight variant that balances
dynamic range and sensitivity, we first examined the responses
and kinetics of various kLight variants using photoactivable DynA8
(CYDS8)”. Weinjected AAV9-hSyn-kLightl.x (top kLight variants includ-
ing1.2a,1.2b,1.2cand 1.3) into the dorsal striatum (dStr) of C57 mouse
pups (postnatal day (P)0-P3) and prepared the brain slices after
3 weeks of expression (Fig. 3a). On the day of imaging, CYD8 was cir-
culated in the bath and photo-uncaged with a 50-ms flash of 355-nm
laser light over an area of 3,800 um?, while imaging the responses of
kLight with a 473-nm LED within the same region (Fig. 3b). Among all
the kLight variants tested (Extended Data Fig. 3a), kLight1.3 yielded
the greatest response (AF/F =11% +1.4%; Fig. 3c,d), followed by
kLightl.2a (AF/F=9.09% + 0.81%), kLight1.2c (AF/F = 6.84% + 0.65%) and
kLight1.2b (AF/F=5.1% + 0.51%; Extended Data Fig. 3b,c). The uncag-
ing response was completely blocked by the presence of naloxone
(0.5% + 0.1%; Fig. 3d), confirming that the fluorescence change is due
toligand-dependentsensor activation, as opposed to being anartifact
of the ultraviolet (UV) light flash. While kLight1.3 had the greatest
AF/F, we noticed that its response was slow to decay in comparison to
kLightl.2a (tau.,- kLight1.3 =202.1s, tau,- kLight1.2a =179.7 s, tau
-kLightl.2b =246.1s, tau.,- kKLightl.2c =165.0 s; Fig. 3c and Extended
DataFig. 3b), presumably due to the higher affinity for dynorphins that
results in slower peptide dissociation (Extended Data Fig. 3d).

We next examined whether sensor expression might alter the
ability of peptide ligands to engage endogenous opioid receptors.
For thisexperiment, we used kLight1.2a, which exhibited faster decay
kinetics than kLight1.3 upon DynA8 photorelease (Extended Data
Fig. 3b), yet still produced arelatively large AF/F. Adeno-associated
viruses (AAVs) encoding kLight1.2a or GFP control were injected into
the hippocampus of C57 pups (PO-P3) and allowed to express for
aminimum of 3 weeks before acute slices were prepared for elec-
trophysiology (Extended Data Fig. 3e). Parvalbumin interneurons in
the CAlregion of the hippocampus express pOR and SOR, which act
presynaptically to suppress synaptic transmission*’. Although DynA8’s
primary target is KOR, it also binds to pOR and 80R (for example,
Fig. 2b and Extended Data Table 1)*'. This allowed us to ask whether
theactivation of pOR and 60R by DynA8is altered by the expression of
kLightl.2a. To assay opioid receptor function, we recorded inhibitory
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Fig.3|kLightl.3 characterizationin acute brainslices. a, Schematics shows
imaging of striatal acute brain slices and photo-uncaging CYD8 with a 355-nm
laser. b, Time-lapse images (semitransparent gray circle shows the field of UV
illumination). Scale bar, 50 pm. ¢, Response of kLight1.3 to CYD8 photo-uncaging
(blue, n = 6slices) in the absence and presence of naloxone (Nalo, 10 pM; black,
n=3slices).Solid lines represent the mean, and the shaded areas represent
thes.e.m.d, Quantification of the peak AF/F evoked by CYD8 photo-uncaging.
kLightl1.3 (blue); 11.1% + 1.36%, n = 6, + naloxone (black); 0.51% + 0.12%,n =3,
P=0.0011, two-tailed unpaired ¢-test. e, Time course of kLightl.2a after CYD8

(5 uM) photo-uncaging in the dStr. The dashed circle indicates the site of UV
illumination. Heat map indicates AF/F (%). Scale bar, 50 pm. f, Summary of
experiments determining the apparent diffusion coefficient, n=7slices

from 4 mice. D*=1.439 + 0.37 pm*s ™. g, Schematics show local electrical
stimulation of hippocampal slice with trains of 1-s, 50-Hz stimuli with a 0.5-s
interstimulus interval. HPC, hippocampus; ISI, interstimulation interval.

h, Representative image showing expression of kLight1.3ain CA3 (top; scale bar,

i S

d
— kLight1.3 20
— +10 uM Nalo
~ 15 -
8
©w
5 10 o
x
b=
5 |
° ! T ! 0 - 0
o] 100 200 300 kLight1.3 +Nalo
Time (s)
f ,_
477 D*oype=1.44 (um?s™)
3
T(I)
P
2
a
’| —
o
J
Nor-BNI IC1 174864
®
m o
T TIRNnnnnnnm 3
15 stim 15 stim ]
10s
k 40—

30

5 stim 1stim Nor-BNI ICI 174864

10 stim

15 stim
10s
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the membranes of neuronal processes in the dentate gyrus (middle; scale bar,

50 um). Representative two-photon field of view from 15 stimulations (bottom)
indicating the averaged intensity across all frames and z-score of responses in the
representative field of view; scale bar, 20 pum. i,j, Average kLightl.3a responses to
various electrical stimulation in the absence (i) and presence (j) of antagonists,
Nor-BNI (gray) and IC1174864 (green). Solid lines represent the mean, and shaded
areas represent thes.e.m.k, Bar graph summarizing the peak fluorescence
response to each stimulation condition. 15 stim (n = 8 slices): 14.3% + 2.4%, 10 stim
(n=7slices): 6.62% + 0.8%, 5 stim (n = 7 slices): 4.28% + 0.6%, 1 stim (n = 7 slices):
2.12% + 0.3%, Nor-BNI (100 puM, n = 3 slices): 1.57% + 1.2%, 1C1174864 (100 uM,
n=3slices): 6.44% + 0.3%. Ordinary one-way ANOVA with Bonferroni’s multiple-
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10 stim:**P =0.044,15 stim versus 5 stim: ***P=0.0001, 15 stim versus 1 stim:
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not significant (NS), P=0.0525. Error bars represent the s.e.m.
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postsynaptic currents (IPSCs) in pyramidal cells, evoked with a stimula-
tion protocol that favors pOR-sensitive and 50OR-sensitive parvalbumin
synapses*’ (Extended Data Fig. 3f). Photorelease of DynA8 using 5-ms
flashes of 355-nm light produced a rapid, power-dependent reduc-
tion in IPSC amplitude that reversed over the course of several min-
utes (Extended Data Fig. 3g,h). Compared to GFP control, kLightl.2a
expression altered neither the degree of IPSC suppression, nor the
time course of IPSC recovery in response to DynA8 photorelease
across all light power densities examined (Extended Data Fig. 3i,j).
These results suggest that kLightl.2a expression does not result in
sufficient ligand buffering as to perturb the activation of endogenous
opioid receptors.

We next measured the spread of DynAS8 in space and time.
AAVI1-hSyn-xLightl.2a was injected into dStr and imaging was per-
formed 3 weeks after injection (Fig. 3a). Small volumes of DynA8 were
rapidly photoreleased using afocused 25-um-diameter spot of 355-nm
light (Fig. 3e) while monitoring sensor activation at distances of up to
125 pm away. We observed that the peak AF/F decreased with increased
time from uncaging and with distance from the uncaging site (Extended
DataFig. 4a). For each video frame after uncaging, we plotted the fluo-
rescence profile as a function of distance from the uncaging spot and
extracted the Af/F half-width, which was used to compute an effective
diffusion coefficient (D* of 1.4 + 0.4 pm?s™ (n =7sslices from four mice)
for DynA8in dStr (Extended DataFig.4b-d). These results suggest that
DynA8 canreachreceptors over 100 um away from release sites within
several seconds of release in the dStr.

Two-photonimaging of dynorphinrelease via electrical
stimulation

It has been historically difficult to determine the electrical param-
eters that can effectively trigger the release of endogenous opioid
peptidesinbraintissue. We thus examined if kLight can detect endog-
enous opioid peptide release triggered by electrical stimulation ex
vivo. To do so, we first improved the basal fluorescence of kLight1.3
byintegrating CYKIWRNFKGK as linker 1and SVISKAKIRTV as linker 2
derived from the oxytocin sensor MTRIA,;** (Extended Data Fig. 3a).
This new variant, named kLight1.3a, displayed a similar dynamic range
(kLightl.3at155% +11.6%, kLightl.3a at 152% + 29.5%, P= 0.92, unpaired
t-test), but >2x the basal brightness compared to kLight1.3 (kLight1.3 at
25+0.08,kLightl.3aat 61.8 + 7.6, P= 0.0075, unpaired ¢-test; Extended
DataFig. 4e,f). To validate that kLight1.3a retain the same selectivity,
we performed in situ titration in dissociated hippocampal neuronal
cultures using peptides DynA13, ME and 3-endorphin. As expected,
kLightl.3ashowed high selectivity to DynA13 over the other two endog-
enous peptides (Extended Data Fig. 4g). Immunoreactivity studies have
shown abundant dynorphinstoredin dentate granule cells, dynorphin
dynamicsin CA3 have also beenshown to have anassociation with stress
under various behavior paradigms, and dynorphins have been shown
to inhibit excitatory neurotransmission and prevent the induction of
long-term potentiation in hippocampus**, We sparsely expressed
kLightl.3ain CA3 by delivering AAV1-CAG-DIO-kLightl.3a in combi-
nation with AAV1-ASyn-Cre (Fig. 3g). After 3 weeks of expression, we
observed bright labeling of neurons in CA3 and dentate gyrus with
clear processes in the basal state and distribution of responses in the
field of view using two-photon imaging (Fig. 3h).

Next, we evaluated the responses of kLightl.3ato arange of electri-
calstimuli parameters appliedlocally viaa stimulating electrode in CA3.
Trains of electrical stimuli (1s at 50 Hz, 0.5-s interstimulus interval)
produced sustained fluorescence increases that rapidly decayed upon
cessation of the stimulus (Fig. 3i), with anincreasing number of stimuli
driving larger maximum fluorescence responses (15 stimulations:
14.3% + 2.4%,10 stimulations: 8.39% + 1.9%, 5 stimulations: 4.28% + 0.6%,
1stimulation: 2.12% + 3.3%; Fig. 3k).

Theresponse to 15 stimuliwas strongly attenuated by the addition
ofthekOR antagonist nor-BNI (100 pM, AF/F =1.57% +1.2%), consistent

with the observed fluorescence increase resulting from activation by
endogenous peptide. In the presence of SOR antagonist ICl 174864
(100 uM), the responses were decreased but not statistically significant
(Fig. 3j,k; AF/F = 6.44% + 0.3%).

Probing the effect of receptor-selective opioid ligands in vivo
We next determined if kLight and SLight can be activated by systemic
administration of exogenous small-molecule drugsin vivo. We injected
AAV9-hSyn encoding kLight1.3 or SLight, and kLightO or SLight0 in
the arcuate nucleus (ARC) of the hypothalamus*¢, hippocampal CA3
region*’ and NAc*®, areas abundantin kOR and 8OR. We nextimplanted
fiber-optic ferrules above each injection site and recorded the fluo-
rescence of kLight and SLight upon intraperitoneal (i.p.) injection of
opioid receptor-selective ligands using fiber photometry (Fig. 4aand
Extended Data Fig. 4h-j).

Ineach case, we observed dose-dependent fluorescence increases
in response to systemic drug i.p. treatment, which were blocked by
the nonselective opioid receptor antagonist naloxone. In the ARC,
kLightl.3 responded to the kOR-selective agonist U69,593 with arobust
increase in fluorescence within a few minutes of drug injection (1 mg
per kg body weight: z-score .., = 7.0 + 1.9, 3 mg per kg body weight:
Z-SCOre,e, =15.9 £ 3.05). Co-injection of naloxone (4 mg per kg body
weight) drastically attenuated the response to U69,593 (3 mg per kg
body weight; U69,593 + naloxone z-score,,,, = 0.39 + 0.59; Fig. 4b). In
CA3, thekOR-selective agonist U50,488 similarly activated kLightl.3ina
dose-dependent manner. Again, the response to U50,488 (10 mg per kg
body weight) was completely blocked by co-injecting naloxone (10 mg
per kg body weight; 5 mg per kg body weight: z-score,.,, =2.68 +1.8;
10 mg per kg body weight: z-score,,, = 11.1 £ 3.2; U50,488 + naloxone:
Z-SCOre e, = —2.86 + 0.83; Fig. 4¢).

Inthe ARC, SNC162 administration produced increases in SLight
fluorescence (2.25 mg per kg body weight: z-score ., = 2.4 £1.0; 5 mg
perkgbody weight: z-score,, = 7.28 + 2.4) that were blocked by nalox-
one (4 mg per kg body weight) co-injected with SNC162 (5 mg per kg
body weight; SNC162 + naloxone: z-score,, = 0.19 + 0.72; Fig. 4d).
In the NAc, the administration of SNC162 (5 mg per kg body weight)
alsoincreased 6Light fluorescence (SNC162: z-score ., = 7.45 + 2.20),
and this was again blocked by naloxone (4 mg per kg body weight;
SNC162 + naloxone: z-score,,, = -1.66 + 0.11; Fig. 4¢).

Importantly, we did not observe fluorescence changesinresponse
to agonist when the non-functional mutant sensors kLightO or 5LightO
were expressed in the ARC, CA3 and NAc (Extended Data Fig. 4k,I).
These results suggest that both sensors can be faithfully activated by
receptor-specific agonists in vivo and ensure a good dynamic range,
adequate expression and fiber-expression alignments as afoundation
for the following optogenetic and behavioral experiments.

Measuring dynorphin release via circuit-specific
photostimulation
Although optogenetics has been broadly used to trigger neuro-
modulator release and neural activity, direct monitoring of peptide
release triggered by optogenetic stimulation in vivo, especiallyina
circuit-specific manner with high temporal resolution, has not been
measured optically. NAc contains abundant dynorphin, and previous
studies have demonstrated that targeting the Dyn-kOR system in the
nucleus accumbens shell (NAcSh) can modulate both rewarding and
aversive behaviors**%, Furthermore, previous work has demonstrated
the ability to measure the optogenetically evoked release of dynorphin
inthe NAcSh using in vivo opto-dialysis®°. Studies have also shown that
the basolateralamygdala (BLA) sends dense, functional excitatory pro-
jectionstothe NAcShand that these terminals are sensitive to modula-
tion by Dyn-kOR***°, We, therefore, set out to determine if kLight can
detect photostimulated release in vivo in BLA to NAcSh projections.
To detect dynorphin signaling at KOR-expressing neurons, we
injected KOR-Cre mice with AAV5-CAG-DIO-kLightl.3a and implanted
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Fig.4|Invivo drug pharmacology imaged with kLight and 8Light.

a, Experimental schematics of kLight1.3 and SLight injection in the
hypothalamus (ARC), the hippocampal CA3 and the NAc, followed by imaging
with fiber photometry during drug injection. b, kLight1.3 response in ARC to
different doses 0of U69,593, 3 mg per kg body weight (light blue), 1 mg per kg body
weight (blue) and 3 mg per kg body weight U69,593 + 4 mg per kg body weight
naloxone (black); n =7 animals. Solid lines represent the mean, and the shaded
arearepresents the s.e.m. Bar graph indicating the peak z-score of each response,
3 mg per kg body weight + naloxone: 0.4% + 0.6%,1 mg per kg body weight:

7.0% +1.9%, 3 mg per kg body weight: 15.9% + 3.1%, ordinary one-way ANOVA with
Tukey’s multiple-comparisons test, 1 versus 3 *P=0.012,1versus Nalo *P=0.029,
3versus Nalo***P < 0.0001. ¢, kLightl.3 response to different doses of U50,488
in CA3,10 mg per kg body weight (light blue), 5 mg per kg body weight (blue) and
10 mg per kg body weight U50,488 +10 mg per kg body weight naloxone (black)

in CA3; n=3animals. Solid lines represent the mean, and shaded areas represent
the s.e.m. Bar graphindicating the peak z-score of each response, 10 mg per kg
body weight + naloxone: -2.9% + 0.8%, 5 mg per kg body weight: 2.7% + 1.8%,

10 mg per kg body weight:11.1% + 3.2%, ordinary one-way ANOVA with Dunnett’s
multiple-comparisons test, **P=0.0072.d,e, SLight response to different doses
of SNC162 in ARC (d) and NAc (e), 5 mg per kg body weight (light green), 2.25mg
per kg body weight (green) and 5 mg per kg body weight SNC162 + 4 mg per kg
body weight naloxone (black) in ARC and NAc; n = 4 animals. Solid lines represent
the mean, and shaded areas represent the s.e.m. Bar graph indicating the peak
z-score of each response; in ARC: 0.2% + 0.7%, 2.25 mg per kg body weight:

2.4% +1.0%,5 mg per kg body weight: 7.3% + 2.4%, ordinary one-way ANOVA with
Tukey’s multiple-comparisons test, *P= 0.0258; in NAc: 1.7 + 0.1%, 5 mg per kg
body weight: 7.5% + 2.2%; two-tailed unpaired ¢-test, *P= 0.0185. In b-e, error bars
represent the s.e.m.

opticalfibersinthe NAcSh. Asubset of mice was alsoinjected with the
red-shifted opsin ChRimson (AAV5-DIO-EF1a-ChRimson-tdTomato)
in the BLA (Fig. 5a-c and Extended Data Fig. 5a); ChRimson-lacking
mice served as a negative control to determine if optical stimula-
tion produced artifactual dynamics in kLight1.3a fluorescence. We
first examined the response of kLight1.3a to the agonist U50,488 in
these mice (Fig. 5d). U50,488 (10 mg per kg body weight; i.p.) admin-
istrationresulted inarapid, sustained and robust increase in the fluo-
rescence of kLightl.3a. This increase was significantly attenuated
when the animals were pretreated with the short-acting, reversible
KOR antagonist JNJ-67953964 (ref. 51; aticaprant, 3 mg per kg body
weight; i.p.; P=0.034, paired t-test), demonstrating the selectivity
of kLightl.3a responses in vivo (normalized peak, P=0.0344, paired
t-test, normalized area under the curve (AUC), P=0.0138, paired
t-test; Fig. 5e-h).

Next, we tested whether kLightl.3a can detect endogenous dynor-
phin release in the NAc evoked via stimulation of glutamatergic BLA
terminals, known to densely innervate the NAc*. A 1-s, 20-Hz, 5-ms
pulse-width stimulation produced a brief artifact, followed by a sig-
nificant increase in kLight1.3 fluorescence (Extended Data Fig. 5b,c).
Importantly, this stimulus artifact was present to the same extent in
all animals, with and without ChRimson expression in the BLA ter-
minals (Extended Data Fig. 5d). However, the subsequent increase in
kLightl.3a fluorescence was present only in the animals expressing
ChRimsonin BLA, suggesting that this elevationis due to the BLA ter-
minal stimulation-evoked release of dynorphin (P < 0.0001, Welch’s
t-test; Extended Data Fig. 5e). To determine the appropriate stimulation
parameters for stimulation-evoked dynorphinrelease, we performed
abattery of experiments modulating stimulation number (1-5), laser
intensity (0.5-5 mW) and stimulation time (1-30 s) within the same
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session in arandomized order (Extended Data Fig. 5f-h). Varying the
length of stimulation from1sto 5 srevealed, somewhat paradoxically,
that 1s of photostimulation produced the most kLightl.3a activa-
tion, while the magnitude of the artifact (fluorescence minimum)
remained constant throughout (P=0.0082, Brown-Forsythe and
Welch ANOVA test; Extended Data Fig. 5i,j). Based on these results, we
performedall our subsequent experiments using 1-s,20-Hz, 5-ms pulse-
width stimulation.

We then determined the pharmacological selectivity of BLA ter-
minal stimulation-evoked kLightl.3a activation. We first pretreated
animals with vehicle or aticaprant (3 mg per kg body weight; i.p.),
followed by ten trials per animal of BLA terminal stimulation while
simultaneously monitoring kLightl.3a fluorescence. We observed
that kOR antagonism significantly decreased stimulation-evoked
kLightl.3a activity in vivo (normalized peak, P= 0.0365, paired t-test;
normalized AUC, P < 0.0001, paired ¢-test; Fig. 5i-I). We then posited
thatifthisis due to kOR antagonism, wherein the antagonist prevents
endogenous dynorphin from binding kLight1.3a, we should obtain a
similar result following kKOR agonism due to kLight1.3 occupancy by
U50,488. Hence, we injected animals with vehicle or U50,488 (10 mg
per kg body weight; i.p.) and performed the aforementioned record-
ings of stimulation-evoked kLight1.3 activity. As with aticaprant, we
found that U50,488 significantly blunted evoked-kLightl.3a activa-
tion (normalized peak, P=0.0022, paired t-test; normalized AUC,
P=0.0072, paired t-test; Fig. 5Sm-p). This suggests that U50,488
occupied and competed for the binding of evoked endogenous
dynorphin to kLightl.3a. Next, to determine whether kLight1.3 activ-
ity was specific to dynorphin, we performed similar BLA terminal
stimulation-evoked experiments in DYN-knockout (KO) mice, or WT
controls (Extended Data Fig. 5k,1). As expected, injection of the exog-
enous receptor-specific agonist U50,488 (10 mg per kg body weight,
i.p.) elicited comparableincreasesinkLightl.3 activity (Extended Data
Fig. 5Sm-p). Importantly, whereas BLA stimulation-evoked kLight1.3
activity increased in WT controls, it was significantly diminished in
DYN-KO animals (Extended Data Fig. 5q-t). Altogether, these results
demonstrate that we can use optogenetics to trigger and measure
terminal-stimulated dynorphin release with kLight in a circuit-
specific manner.

Monitoring behavior-triggered endogenous opioid
releaseinvivo

After successfully detecting optogenetically evoked dynorphinrelease,
we next sought to use kLight and SLight to monitor longitudinal opioid
peptide signaling dynamics in behaving animals under fear-inducing
and rewarding conditions. Previous studies have demonstrated
that dynorphin neurons in ventral and dorsal NAcSh subregions

(VNAcand dNAc, respectively) have adistinctrole in aversive and reward
behavior"’. Furthermore, subregion-specific dynorphin and enkephalin
release have been measured in vNAc versus dNAc using an opto-dialysis
method®. We thus decided to examine the utility of kLight1.3 and SLight
inprobing subregion-specific release of opioid peptidesin the NAc dur-
ingfear learning. To do so, AAV9-hSyn-kLightl.3 or AAV9-hSyn-8Light
wasinjected inthe dNAcand the vNAc, followed by fiber implantation.
Three weeks after surgery, we measured peptide transients during an
auditory fear conditioning experiment consisting of 30 presentations
ofa30-stoneco-terminating withal.5-sfoot shock (0.5 mA; Fig. 6aand
Extended Data Fig. 6a). In the case of kLight, both dNAc and vNAc, we
observed a quick rise in fluorescence intensity after the onset of the
tone, which was sustained during tone presentation, followed by a
small dip at the onset of the shock and a large rise immediately after
the foot shock. The fluorescence signal then gradually decreased to
thebaseline after-40 s (Tau - kLight1.3in dNAc = 28.7 s; Tau - kLight1.3
in vNAc =21.7 s; Fig. 6b,c). To assess differences in release between
NAcsubregions, we calculated the AUC of individual trials. The AUC to
the tone was similar between dNAc and vNAc, whereas the AUC of the
post-shock response was significantly higher in the dNAc compared to
the vVNAc (AUCdNAC,194 + 24; AUCVNAC, 135 + 15, P= 0.0355, unpaired
t-test; Fig. 6d). We did not observe fluorescence changes during fear
learningwhen AAV1-hASyn-kLightO was expressed either in the dNAcor
the vNAc (Extended Data Fig. 6b-d).

In the case of 8Light in the dNAc, we observed a brief increase in
fluorescence triggered by the tone that gradually decreased to the
baseline during tone presentation. The foot shock also triggered a
large fluorescence increase followed by a sharp decay over 10 s after
the shock (Tau - SLight in dNAc=9.9 s; Tau - SLight in vNAc=3.6's;
Fig. 6e,f). Although the AUC of the tone-evoked response in the vVNAc
was slightly larger in amplitude than in the dNAc, the difference was
not significant. Again, the AUC of the shock-evoked response in the
dNAc was significantly higher than in the vNAc (AUC dNAc; 18 £ 1.8,
AUC VNAc; 13 £1.4, P=0.0276, unpaired t-test; Fig. 6g). We observed
significantly attenuated fluorescence changes to the tone and shock
in the animals expressing the control sensor 5LightO (Extended Data
Fig. 6e,f).

Together, these data suggest kLight and SLight can faithfully
report the subregional differences in endogenous opioid pep-
tide release triggered during fear learning. More interestingly, the
post-shock signals from kLight were much larger and longer lasting
in early trials, and the response gradually shifted from the shock to
tone as the number of trials increased (Fig. 6b,c). We did not observe
this pattern of signal shifting from shock to tone in Light (Fig. 6e,f),
whichsuggests that opioid peptide, such as dynorphin, might actively
track fear state in the NAcSh.

Fig. 5| Imaging optogenetically stimulated dynorphin release with
kLightl.3a. a, Schematic showing kLightl.3a-expressed NAcSh and ChRimson
into the BLA of kOR-Cre" mice. b, Representative x20 coronal image (left)
showing expression of kLightl.3a (green), ChRimson (red), DAPI (white) and
fiber placement in the NAcSh (left; scale bar,200 pm), and ChRimson (red)

and DAPI (white) in the BLA (right; scale bar, 200 pm) from six animals, which
showed similar results. ¢,d, Schematic of in vivo head-fixed stimulation-
evoked dynorphinrelease (stimuli occurred at 0,180 and 360 s; ¢) and agonist/
antagonist drug injection (10 mg per kg body weight U50,488 and 3 mg per kg
body weight aticaprant + 10 mg per kg body weight U50,488; d) experiments.
e,f,Mean (e) and heat map (f) of kLightl.3a activity either averaged across
allanimals (e) or fromindividuals (f) followingi.p. injections of vehicle

(veh) +U50,488 (dark) and aticaprant + U50,488 (light; n = 6 animals). Solid
lines represent the mean, and shaded areas represent the s.e.m. g,h, Normalized
peak fluorescence (g) and AUC (h) of single trials during the injection period
(0-50 min; U50:1+ 0.23, Atic + U50: 0.29 + 0.07; two-tailed paired ¢-test,
*P=0.034,*P=0.014, n = 6 animals). Data are represented as the mean + s.e.m.
Atic, aticaprant; US0, U50,488.1i, Mean kLightl.3a activity averaged across all

trials following vehicle (dark) and aticaprant (light) treatment during ChRimson
stimulation-evoked trials (n = 4 animals). Solid lines represent the mean, and
shaded areas represent the s.e.m. j, Heat map raster plot of kLightl.3a activity
averaged across all trials following vehicle (top) and aticaprant (bottom)
treatment during ChRimson stimulation-evoked trials (n = 4 animals) displayed
inascendingtrial order by average activity across trials. ‘Stim’ indicates the

time of stimulus application. k,I, Normalized peak fluorescence (k) and AUC

of single trials (I) across vehicle and aticaprant treatment during all ChRimson
stimulation-evoked trials (0-20 s; veh:1+ 0.12, Atic: 0.63 + 0.14; two-tailed
paired t-test, *P = 0.037,***P < 0.000, n = 4 animals). Data are represented as the
mean +s.e.m. m,n, Mean (m) and heat map raster plot (n) of recorded kLight1.3a
activity averaged across all trials following vehicle (dark) and U50,488 (light)
treatment during ChRimson stimulation-evoked trials (n = 4 animals). Solid
lines represent the mean, and shaded areas represent the s.e.m. o,p, Normalized
peak fluorescence (0) and AUC of single trials (p) across vehicle and U50,488
treatment during all ChRimson stimulation-evoked trials (0-20 s; veh:1+ 0.15,
U50: 0.55 + 0.12; two-tailed paired t-test, **P= 0.002, **P = 0.007, n = 4 animals).
Data arerepresented as the mean +s.e.m.
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To determine the utility of kLight to probe reward-trigger
endogenous dynorphin release, we first recorded the response of
kLightl.3a to Pavlovian conditioning in the NAc (Fig. 6h). To target
KOR-expressing neurons, we again injected CAG-DIO-kLightl.3a into
the NAc of KOR-Cre mice and trained these animals using classical
reward conditioning. Although reward delivery during early trials did
not produce fluorescence increases, we found a significant increase

a b
KOR-Cre:NAc KOR-Cre:BLA
AAV5-CAG- AAV5-Efla-
DIO-KLightLSaJ DIO-ChRimson

< 5

in kLightl.3a fluorescence during reward delivery and consumption
following conditioning, as animals increased their reward consump-
tion across training (AUC early: 8.4 + 0.739, AUC trained: 10.51+ 0.77,
P<0.0001, paired t-test; Fig. 6i). These results suggest that endogenous
dynorphin is released during reward reinforcement, supporting our
prior work showing that subpopulations of dynorphin neuronsin the
NAcSh are reinforcing®’.
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Fig. 6 | Imaging dynorphin and enkephalin dynamics during aversive and
rewarding behavior. a, Schematics show expression of kLight1.3 or SLightin

the dNAc shell or the vNAc shell (top), followed by a fear conditioning protocol
during fiber photometry recording. b,c, kLightl.3 response in the dNAc (b) and
the vNAc (c): Top, sorted shock trials averaged across animals from top to bottom
inchronological order (trial1at the top, trial 30 at the bottom). Bottom, average
trace of kLight1.3 response (blue) during fear conditioning, tone (0-30 s, yellow
shaded area) and shock (27.5-29 s, black). Solid blue line represents the mean, and
the shaded arearepresents the s.e.m.dNAc, n =7 animals; VNAc, n = 8 animals.
One-phase decay fit from 35 s to 80 s (red). Tau indicates the decay constant.

d, AUC of single trialsin b and ¢ during tone and after shock. Tone AUC in dNAc:
89 +8.5,tone AUC in vNAc: 74 + 7, two-tailed unpaired ¢-test, P= 0.1829, NS.
Post-shock AUC in dNAc: 194 + 24, post-shock AUC in vNAc: 135 + 15, two-tailed
unpaired t-test, *P = 0.0355. e f, SLight response in the dNAc (e) and the vNAc (f).
Experimental details sameinb and c. dNAc, n = 4 animals; vVNAc, n = 5animals.
One-phase decay fit from 31sto 80 s (red). g, AUC of single trials in e and fduring
tone and after shock. Tone AUC in the dNAc: 14 + 1.4, tone AUCin the vNAc: 18 + 1.5,
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two-tailed unpaired ¢-test, P= 0.0582, NS. Post-shock AUC in the dNAc; 18 £ 1.8,
post-shock AUCin vNAc; 13 + 1.4, two-tailed unpaired ¢-test, *P = 0.0276. Error bars
represent thes.e.m.Ind and g, all single trial AUCs are plotted and compared for
tone (0-25s) and after shock (30-70 s) from n = 4 animals for SLight response in
the dNAcand n =5 animals for SLight response in the vNAc. h, Schematic

shows classical Pavlovian conditioning. i, Left, mean kLight1.3a activity averaged
across all trials during day 1 (early; light purple) and day 7 (trained; dark purple)

of Pavlovian conditioning (n = 6 animals). Solid lines represent the mean, and
shaded areas represent the s.e.m. Right, AUC of single trials across early and
trained stages of Pavlovian conditioning; early: 8.4 + 0.74, trained:10.51+ 0.77,
two-tailed paired t-test, ****P < 0.0001. Error bars represent the s.e.m. j, Schematic
shows caramel retrieval experiment.k, Left, averaged 8Light activity upon
caramel retrieval after injection of saline (dark green) or 4 mg per kg body weight
naloxone (light green; n =3 animals). Solid line represents the mean, and shaded
arearepresent thes.e.m. Right, AUC of single trials compared between saline and
naloxone conditions, saline: 20 + 2.3, naloxone: 6 + 2.7,*P=0.0197, two-tailed
unpaired t-test. Error bars represent the s.e.m.

Similarly, we monitored &Light fluorescence in the ARC while
miceretrieved caramel rewards (Fig. 6j). We observed elevated 6Light
signalsinanimalsinjected with saline following caramelretrieval, and
this response was blocked when naloxone (4 mg per kg body weight)
wasinjected before caramel retrieval (AUC saline: 20 + 2.3, AUC nalox-
one: 6 +2.7, P=0.0197, unpaired t-test; Fig. 6k). We did not observe
anincrease in 5LightO in response to caramel retrieval under either
condition (Extended Data Fig. 6g). Together, these results suggest
thatkLight and 8Light can faithfully track dynamic changesin endog-
enous opioid release during the full course of aversive and rewarding
behaviorsinvivo.

Discussion
Inthis study, we develop and characterize genetically encoded opioid
receptor sensors for high-resolution tracking of opioid peptides under
various experimental settings. G-protein-coupled-receptor-based
sensors have been valuable in monitoring neuromodulator signals in
awake animals®>* initially for biogenic amines and acetylcholine®**,
and morerecently for NPsincluding oxytocin, orexin and others*>-%,
The development of opioid sensors addresses a crucial need in the
neuroscience toolkit due to opioids’ widespread significance.
Allthree sensors, pLight, kLight and SLight, collectively respond
to a wide range of opioid ligands, including endogenous opioid NPs,
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withkLightand 8Light retaining the pharmacological selectivity of the
parentreceptor. These sensors can detect and differentiate conforma-
tional changes of the receptor induced by various peptides, which is
difficultto do using traditional radioligand binding assays. The system-
atic characterization of pharmacological profiles provided by these
sensors could open new doors for imaging-based high-throughput
screening of a chemical library targeting opioid signaling. However,
HLightis weakly activated by small-molecule drugs like morphine and
fentanyl and has alower binding efficacy for endogenous peptides. In
fact, oxycodone was observed to suppress pLight fluorescence, which
could indicate oxycodone activates pOR with a different conforma-
tion. This could lead to the application of performing drug screening
toselect for compounds that activate fOR in adesired conformation.
Structural studies of pORs in active and inactive states revealed that
conformational changes of TM5and TM6 depend on anallosteric cou-
pling between ligand-binding pockets and G-proteins®*. As cpGFP was
inserted into ICL3, it is possible that cpGFP insertion decreased such
coupling. Future optimization of pLight s crucial for reliably detecting
HOR-selective NP 3-endorphin.

NP receptors can be expressed at a considerable distance (um-
mm) from putative peptide release sites, suggesting volume transmis-
sion as one mode of neuropeptidergic transmission, enabling small
amounts of NPs to widely impact brain function. We used kLight with
spatially restricted peptide photorelease to measure DynA8 in the
dStr, indicating that it can signal via volume transmission to activate
receptors over 100 um away within seconds, with an apparent dif-
fusion coefficient of 1.4 pum?s™. Diffusion coefficients for NPs and
similar molecules vary greatly depending on peptide type and brain
region, peptidase content, as well as tissue tortuosity****%’, We meas-
ured diffusionin the striatum, a tortuous region with myelinated fiber
bundles and patch-matrix microcircuits; peptides may exhibit higher
mobility in less tortuous regions. Although peptide uncaging has
advantages, it doesn’t target endogenousrelease sites and may release
larger quantities than dense-core vesicles. Additionally, confining
sensor expression to KOR-expressing cells could improve sensitivity to
endogenous peptide release by minimizing background fluorescence
from neurons potentially unexposed to locally released peptide, which
canfurther enhance the accuracy of measurement. Further studies on
endogenously released peptide spread are needed.

Understanding the neural activity patterns required for evoking
NP release remains a decades-long challenge. Monitoring NP release
inresponse to electrical or optogenetic stimulation ex vivo or in vivo
offers a powerful method for identifying these activity patterns. We
demonstrated kLight’s utility in determining electrical parameters
to trigger endogenous release in hippocampal slices; this overcomes
the challenge of using electrophysiological assays for endogenous
receptor activation.

Identifying conditions that supportendogenous peptide release
may be most appropriately addressed in vivo, where neural circuits
remain fully intact and endogenous neuromodulatory tone remains
unaltered by brainslicing. To demonstrate circuit and cell-type-specific
release, rather than stimulating dynorphinergic cells within the NAc
directly, we optogenetically stimulated their glutamatergic inputs
arising from the BLA. Prior work has established that optogenetic
stimulation of BLA terminalsinthe NAcreliably drives action potentials
in striatal neurons in brain slices, as well as facilitate reward-seeking
behavior®. In addition, synaptic stimulation of action potentials
in peptidergic neurons via strong glutamatergic drive can activate
metabotropic glutamate receptors, which have been implicated as
gatekeepers for dynorphin secretion from striatal neurons in brain
slices®®. Using this optogenetic approach, we successfully identified
stimulation conditions that result in kLight activation, presumably
via dynorphin secretion from striatal neurons, as BLA neurons them-
selves express little to no prodynorphin mRNA (Allen Brain Atlas ISH
data). Paradoxically, we found that increasing the duration of the

stimulus beyond 1s decreased the degree of kLight activation. This
is likely due to the stimulation artifact generated by red light, as evi-
denced by the comparable minima observed in the animals express-
ing ChRimson and the controls that lack it (Extended Data Fig. 5b-d).
Furthermore, increasing stimulation number also increased the width
ofthe artifact (Extended Data Fig. 5f-h). While our data strongly sug-
gest that this paradoxical suppression is likely due to stimulation
artifacts induced by red light, future studies are required to explore
the possibility of recruitment of additional neurochemical signaling
processes during sustained stimulation that may suppress dynorphin
release. Moreover, KOR-mediated suppression of BLA synaptic output,
via dynorphin-kOR signaling at BLA terminals following sustained
stimulation, resulting in the dampening of further synaptic activa-
tion of NAc dynorphin neurons requires further study. Additionally,
whether prolonged stimulation of opioid release, either via optoge-
netics, or inresponse to strong behavioral stimuli such as foot shock,
results in the transient quenching of sensor activity also warrants
future exploration.

In this study, we further demonstrated the utility of kLight and
SLight sensors in tracking rapid dynamic changes in endogenous
opioid peptide release triggered by both reward and aversion, which
canvary betweensubregions. Collectively, kLight and SLight respond
to most endogenous opioid NPs, including various dynorphin forms
and enkephalins. However, the promiscuity among opioid receptors
and peptides presents adisadvantage in specificity, as the sensors can-
notreliably distinguish between the endogenous peptides that might
activate them—indeed many brain areas are rich in multiple opioid
NPs. While our data using DYN-KO animals suggest a good degree of
specificity for kLight to detect endogenous dynorphin (Extended Data
Fig.5m-t), further engineering efforts combined with structural analy-
sis may make it possible to reduce such promiscuity. We expect broad
application of these opioid sensors to enable a new understanding of
how endogenous opioid peptide signaling contributes to various physi-
ological and pathological conditions, including pain, stress, reward and
drugaddiction. Monitoring circuit-specific peptide release in behaving
animals may reveal new opioid functions inbehavioral state transitions
and associative learning. Detecting discrete peptide release events,
evoked optogenetically or behaviorally, can help identify differencesin
opioid secretion under various pharmacological, behavioral or disease
states. While pharmacology, photopharmacology and optogenetics
have contributed substantially to opioid receptor signaling knowl-
edge, these sensors enable a shift from focusing on receptor activation
consequencesto exploring endogenous NP secretion’simpact onthe
brain’s complex and diverse functions.
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Methods

Animals

Animals were housed in ventilated home cages with at most five mice
per cage. Animals were housed in a vivarium with a12-h light and 12-h
darkstandardlight cycle, withatemperature of 68-79 °F and humidity
of30-70%. All housing and experimental procedures involving animals
were approved by the Institutional Animal Care and Use Committee
at the University of California, Davis, the University of California San
Diego, the University of Washington, the University of lowa Cold Spring
Harbor Laboratory and the National Institute of Mental Health or Icahn
School of Medicine and adhered to principles described in the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory Ani-
mals. The University of California Davis, the University of CaliforniaSan
Diego, the University of Washington, the University of lowa, Cold Spring
Harbor Laboratory, the National Institute of Mental Health and Icahn
School of Medicine are accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC).

Reagent and key resources
All reagent, software and equipment are summarized in Supplemen-
tary Table 1.

Sensor development and characterization

Development of kLight, SLight and pLight. All constructs were
designed using circular polymerase extension cloning, restriction
cloning and gBlock gene fragments (Integrated DNA Technologies)®’.
Sequences coding for a FLAG epitope were placed at the 5’-end of
the construct as previously described’. Hindlll and Not/ cut sites
were placed at the 5’-and 3’ ends, respectively, for cloninginto pCMV
(Addgene) to generate all pCMV constructs. BamHI and Hindlll sites
were introduced via PCR for final subcloning onto pAAV.hSynapsinl
vectors (Addgene). To maximize coupling between conformational
changes and chromophore fluorescence, we chose to use a cpGFP
module (LSS-LE-cpGFP-LP-DQL) from GCaMP6 (ref. 71) for insertion
into the human OPRK1 (kOR), OPRD1 (60R) and OPRM1 (HOR) using
circular polymerase extension cloning.

For screening linker variants, we generated linker libraries by first
creating an insert DNA carrying a randomized two-amino-acid linker
oneachside of cpGFP (LSS-xx-cpGFP-xx-DQL). Cloned constructs were
amplified and purified with the Qiagen PCR purification kit before NEB
5-acompetent Escherichia colitransformation. Competent cells were
plated onto kanamycin-containing agar plates. After allowing for 24 h
of growth at 37 °C, single colonies were manually picked and grown
overnight as described previously’. Plasmids from the colonies were
purified using the Qiagen miniprep kit. Top variants were sequenced by
Genewiz. For theiteration of kLight variants, kLightl.1was discovered
after linker screen andresulted in linker GI-PH. kLight1.2a: V164K from
kLightl.1.kLightl.2bis kLightl.2a with ER2 tag. kLight1.2ciskLight1.2b
withT603K.kLightl.3iskLightl.2awith TlcnC, PRCand ER2 tag. kLightO
iskLightl.2awith D128N. §Light has linker GI-PH, p.Vall54Lys mutation
with PRC and ER2 tag. 6Light0 has p.Asp128Asn mutation. pLight has
linker sequence CI-SH, p.Val175GIn mutation with PRC and ER2 tags. To
make AAV plasmids, NEB stable competent cells were transformed with
PAAV plasmids. After growth onanagar plate at 30 °C, asingle colony
was selected. After sequencing confirmed the presence of the sensor
gene, the cells were expanded at 30 °C in 100 ml of growth medium
(2xYT) and purified with a Qiagen Endo-free Plasmid MaxiKit and sent
to the UC Davis Virus Packaging Core for virus production.

Tissue culture. HEK293T cells were grown in DMEM, supplemented
with FBS and penicillin-streptomycin. Cells were transfected with
Effectene according to the manufacturer’s instructions. Before imag-
ing, cells were washed with Hank’s Balanced Salt Solution (HBSS) sup-
plemented with2 mM MgCl,and 2 mM CaCl,. Allimages were collected
in HBSS containing Mg?* and Ca*" (HBSS+).

Transient transfection. HEK293T cells were plated and transfected
concurrently 24 hbefore each experiment using the Qiagen Effectene
Transfection Reagent kit according to the manufacturer’s protocol.

Displacement binding assays. Membranes were prepared from
pLight, 8Light, kLight cells or CHO-pOR cells as described previ-
ously”. Displacement binding assays were carried out with membranes
(100 pg), PHldiprenorphine (3 nM final concentration) and different
ligands (0-10 pM final concentration) as described previously'®*,
except that the assay buffer consisted of 50 mM Tris-Cl (pH 7.4) contain-
ing 100 mM NaCl, 10 mM MgCl,, 0.2 mM EGTA and protease inhibitor
cocktail (Sigma-Aldrich, P2714), and incubation was carried out for
1hat30°C.

Micro-confocal high-throughput imaging experiments.
Glass-bottom 96-well plates (P96-1.5H-N, Cellvis) were coated with
50 pg ml* of poly-p-lysine (Sigma, P6407-5MG) and 10 pg ml™ of laminin
(Sigma, L2020) overnight in anincubator (37 °C, 5% CO,). Plates were
washed with Dulbecco’s PBS (Thermo Fisher, 14190-250) and PSYLI2
cellswere suspended in DMEM (Fisher, 11995073) containing 10% FBS
(Fisher, 26-140-079) with 5% penicillin-streptomycin (Fisher, 15140-
163) and plated at a density of 40,000 cells per well 24 h before each
experiment. Immediately before an experiment, stock solutions of
drugs in dimethylsulfoxide (10 mM) were diluted at a1:100 ratio in
imaging media distributed across an empty 96-well plate (treatment
plate) in triplicate following a randomized plate map. The imaging
media consisted of 1x HBSS (Fisher, 14175103) containing 0.5 M MgCl,
(Sigma, M8266-1KG) and 0.5 M CaCl, (Sigma, C5670-50G). Cells grown
in a separate 96-well plate (assay plate) were gently washed 3x with
imaging media, and the wells were filled with an appropriate volume
ofimaging media for the respective experiment (see below).

HEK cell titration. For titration experiments, 50 pl ofimaging medium
was added to each well of the assay plate. Wells were thenimaged with
ImageXpress Micro Confocal High-Content Imaging System at x40
(N.A.,0.6)withfour regions ofinterest (ROls) taken per well with no bias
tolocationand no overlap of the ROIs (exposure, 300 ms) with MetaX-
press software. Next, 50 pl from the treatment plate was transferred
tothe assay plate containing a double desired final concentrations. As
for titration dose and controls, ligand of interest from1 pMto 100 pM
(final) dissolved in HBSS+ as vehicle were used. Blank controls with vehi-
cleswere present on every plate with randomized locations. After 5 min
ofincubation, the same sites were reimaged using the same settings.

Once imaging was complete, the images were exported and ana-
lyzed using a self-written MATLAB script. The script will be deposited
inGitHub. Inshort, segmentation was performed onindividualimages
and amask highlighting the membrane of the HEK293T cells was gener-
ated. Pixel intensities were obtained from the mask-highlighted area
and exported into Excel. The AF/F values for each well were calculated
using the following equation:

(average fluorescence after drug — average fluorescence before drug)
average fluorescence before drug

These values were then used to obtain the triplicate mean (n = 3).
SNRvalues are calculated by:

(average fluorescence after drug — average fluorescence before drug)

+/average fluorescence before drug

Schild regression analysis. A treatment plate was prepared by premix-
ing various concentrations of antagonists with increasing concentra-
tions of the sensors’ specific agonist. The agonist and antagonist were
premixed in doubled concentrations in a treatment plate in HBSS+.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Technical Report

https://doi.org/10.1038/s41593-024-01697-1

Wells were first imaged with 50 pl HBSS+ in the well, and 50 pl of the
mix of ligands from the treatment plate was then added to theimaging
plate, and the wells were imaged again under the same settings.

cAMP assay. HEK293 cells (American Type Culture Collection), main-
tained in DMEM (Invitrogen, 11965118) supplemented with 10% FBS
(Clontech), were transfected in 10-cm dishes with 1 ug of Flag- kLight
1.3, SLight, Flag-60R or Flag-kOR construct cloned into pcDNA3.0,
together with 2 pg of pGloSensor-20F plasmid (Promega), using Lipo-
fectamine 2000 (Thermo Fisher, 11668019) per the manufacturer’s
instructions. Twenty-four hours after transfection, cells were lifted
using TrypLE Express (Thermo Fisher, 12604021), pelleted (500g for
5min) and resuspended at 100,000 cells per ml in phenol red-free
DMEM (Invitrogen, 31053028) supplemented with 30 mM HEPES
and 250 pg per ml luciferin (Biogold). Then, 150 pl of the suspension
was added to each well of a 96-well dish, and cells were maintained
for 45-60 min in a 37 °C incubator. Cells were then assayed using a
scanning plate-reading luminometer (Tecan Spark) at 37 °C. Baseline
luminescence was measured over 5 min. Forskolin and dynorphin
A (1-17; Anaspec, A24298) were used to assess kLightl.3 relative to
KOR, and forskolin and DADLE (DADLE [D-Ala2, D-Leu5]-enkephalin;
Sigma-Aldrich, E7131) were used assess SLight relative to 8OR. For-
skolin and each opioid agonist peptide were added together to each
wellin a volume of 50 pl, adjusted to achieve a final concentration of
10 pM forskolin and the indicated concentration of opioid agonist.
Luminescence measurement was resumed for 10 minand a maximum
baseline-subtracted value was used to determine the cellular cAMP
response. Each condition was measured in triplicate wells and values
reported were averages from four to five independent experiments.

B-Arrestin recruitment assay. HEK293 cells were transfected in 6-well
dishes with200 ng of Flag-kLight1.3, Flag-6Light, Flag-kOR or Flag-80R
constructs cloned into pcDNA3.0, 100 ng LargeBit-CAAX and 500 ng
SmallBit 3-Arrestinl (ref. 73), using Lipofectamine 2000 per the manu-
facturer’sinstructions. Twenty-four hours after transfection, cells were
lifted, washed by centrifugation as above and resuspended to a density
of 0.5-1x10° cells per ml in phenol red-free DMEM supplemented
with 30 mM HEPES and 5 pM coelenterazine-H (Research Products
International). Cells were distributed in a 96-well dish at 150 pl per well,
incubated for 15 minat 37 °Ctoload coelenterazine-H and thena 5-min
baseline was measured in the luminometer at 37 °C. Following this,
1uM of dynorphin A (1-17; for kLight/KOR assessment) or DADLE (for
6Light/60R assessment) was added, and measurement was resumed
for anadditional 30 min. The maximum baseline-subtracted lumines-
cence was used to determine recruitment values. Each condition was
measured in triplicate wells and values reported are averages from
three independent experiments.

Slice experiments

Stereotaxic intracranial injection. Male and female C57/B6) mice
(postnatal day 0-3) were anesthetized with isoflurane and placedina
small animal stereotaxic frame (David KopfInstruments). After punc-
turing the skin and skull under aseptic conditions, AAVs were injected
(0.5-1pl total volume) bilaterally through a pulled glass pipette at
arate of 100 nl min™ using a UMP3 microsyringe pump (World Pre-
cision Instruments). Depending on the size of the mouse, injection
coordinates ranged from 0 mm to +0.5 mm from bregma, 0.5 mm
to 1.0 mm lateral and 1.8 mm to 2.3 mm below pia for dStr. For tar-
geting hippocampus to study buffering, injection coordinates were
+0.3 mmto 0.5 mmfromlambda, 2.2 mmto2.5 mmlateraland1.4 mm
to 2.0 mmbelow pia. After surgical procedures, mice werereturned to
their home cage for >30 days to allow for maximal gene expression. For
CA3injection in hippocampus for electrical stimulation, we used the
coordinates: 1.7 mm AP, 1.75 mm ML, -2.3 mm DV. To achieve sparse
labeling of neuronsin CA3, weinjected AAV1-CAG-DIO-kLightl.3ainto

CA3 with a1:1,000 dilution of AAV1-hSyn-Cre virus. Male and female
C57/B6) mice were injected 8-10 weeks postnatally.

Brain slice preparation. P30-60 mice were anesthetized with isoflu-
rane and killed, and the brains were removed, blocked and mounted
in a VT1000S vibratome (Leica Instruments). For striatal imaging
experiments, coronal slices (300 pm) were prepared in 34 °C artifi-
cial cerebrospinal fluid (aCSF) containing 127 mM Nacl, 2.5 mM KClI,
25 mMNaHCO;,1.25 mM NaH,PO,, 2 mM CaCl,,1 mMMgCl,and 25 mM
glucose, with osmolarity of 307, equilibrated with 95% 0,/5% CO,. For
hippocampal electrophysiology recordings, horizontal slices (300 pm)
were prepared in ice-cold choline-aCSF containing 25 mM NaHCO,,
1.25mMNaH,PO,, 2.5 mMKCI,7 mM MgCl,, 25 mMglucose,1 mM CaCl,,
110 mM choline chloride, 11.6 mM ascorbic acid and 3.1 mM pyruvic
acid, equilibrated with 95% 0,/5% CO,. Slices were transferred to ahold-
ing chamber with oxygenated aCSF and incubated at 32 °C for 30 min
and then left at room temperature until recordings were performed.

Fluorescence imaging with peptide uncaging. All video recordings
were performed within 5 h of slicing in asubmerged slice chamber per-
fused with aCSF warmed to 32 °C and equilibrated with 95% 0,/5% CO,.
Sensor-expressing tissue in the dStr was located and imaged through
an eGFP filter cube (Semrock, GFP-3035D-OMF) under a x60, 0.8-NA
objective using a SciCam CCD camera (Scientifica) and illumination
with the 470-nm LED (CoolLED). Ocular image acquisition software
(QImaging) was used to acquire videos using a100-ms exposure time
ataframerate of1 Hz. For uncagingtrials, 5 uM of CYD8 was circulated
in the bath before beginning video acquisition. During uncaging tri-
als, Scanlmage was used to trigger video acquisition and the UV laser.
Uncaging was carried out using 50-ms flashes of light from a 355-nm
laser (DPSS Lasers). For full-field uncaging (Fig. 3¢,d and Extended
Data Fig. 3b,c), a 70-um-diameter area of tissue was illuminated with
collimated UV light at a power density of 5 uyW/um?, as measuredin the
sample plane. When measuring DynA8 diffusion, a 25-pum-diameter
area of focused 355-nm light at a power density of 39 uW/pum? was
applied near the edge of the imaging field.

Electrophysiology. Allrecordings were performed within 5 h of slicing
inasubmerged slice chamber perfused withaCSF warmed to 32 °Cand
equilibrated with 95% 0,/5% CO,. Whole-cell voltage-clamp recordings
were obtained with an Axopatch 700B amplifier (Molecular Devices).
Data were sampled at 10 kHz, filtered at 3 kHz and acquired using
National Instruments acquisitionboards and acustom version of Scan-
Image writtenin MATLAB (Math Works). Cells wererejected if holding
currents exceeded -200 pA or if the series resistance (<25 MQ) changed
during the experiment by more than 20%. For recordings measur-
ing inhibitory synaptic transmission in mouse hippocampus, patch
pipettes (2.8-3.5 MQ) were filled with an internal solution containing
135 mM CsMeS0;,10 mM HEPES,1 mM EGTA, 3.3 mM QX-314 (Cl - salt),
4 mMMg-ATP, 0.3 mM Na-GTP and 8 mM Na, phosphocreatine (pH7.3,
295 mOsmkg™). Cellswere held at 0 mV to produce outward currents.
Excitatory transmission was blocked by the addition to the aCSF of
NBQX (2,3-dioxo-6-nitro-7-sulfamoyl-benzo[flquinoxaline, 10 uM) and
CPP (3-(2-carboxypiperazin-4-yl)propyl-1-phosphonicacid, 10 pM). To
electrically evoke IPSCs, stimulating electrodes pulled from thetaglass
with ~5-pum tip diameters were placed at the border between stratum
pyramidale and stratum oriens nearby the recorded cell (-50-150 pm),
and two briefpulses (0.5 ms,50-300 pA, 50-msinterval) were delivered
every 20 s. Uncaging was carried out using 5-ms flashes of collimated
full-fieldillumination with a 355-nm laser at different power densities,
which were measured at the sample plane.

Data analysis. Video acquisition data were firstanalyzed inImageJ and
subsequently plottedinlgor Pro (Wave Metrics). The mean brightness
of each frame was divided by the average baseline fluorescence of the
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first minute to calculate AFf/F. Then, the first minute before uncaging
was fit with a bi-exponential curve to estimate the rate of bleaching
during the video acquisition. The fitted bleaching curve was then sub-
tracted from therecorded traces to correct for bleaching. A 3,800 um?
circle ROl was drawn at the center of the uncaging field and the mean
brightness of this ROl was plotted per frame. Electrophysiology data
were analyzedinIgor Pro (Wave Metrics). Peak current amplitudes were
calculated by averaging over a 2-ms window around the peak IPSC. To
determine the magnitude of modulation by DynA8 photorelease (the
percentage of IPSC suppression), the IPSC peak amplitude measured
immediately after a flash was divided by the average peak amplitude
of the three IPSCs preceding the light flash. To determine the time
constant of recovery (tau off), the IPSC amplitudes were fit to amono-
exponential functionstarting at the point of maximal IPSC suppression
to the point at which the IPSC amplitude returned to baseline.

Diffusion coefficient calculation. Based on a derivation of Fick’s law
of diffusion that yields y? = 4D*(t; + t,) (ref. 66), D*is the slope of the
linear regression between y*/4, where gamma is the half-width of the
spatial fluorescence profile, and time (¢), as demonstrated by diffusion
of dextrans molecules or quantum dotsin the cortex™. To reduce noise,
we averaged 50 pixels in the y axis around the center line of the image
plane (parallel to the uncaging spot).

Brain slices for two-photon imaging. Three to four weeks after viral
injection, samples from adult mice were anesthetized with 2.5% aver-
tin and perfused in ice-cold carborgen (95% O, and 5% CO,) gassed
cutting NMDG-HEPES aCSF solution that contained: 92 mM NMDG,
2.5 mMKCIl, 1.25 mM NaH,PO,,30 mM NaHCO;, 20 mM HEPES, 24 mM
D-glucose, 2 mM thiourea, 5 mM sodium ascorbate, 3 mM sodium
pyruvate, pH adjusted to 7.3-7.4 mM and supplemented with 0.5 mM
CaCl, and 10 mM MgCl,, before decapitation. Brains were quickly
extracted and were cut (300 um) with a vibratome (V1200, Leica) in
ice-cold oxygenated NMDG-HEPES aCSF. Brain slices were incubated
at 34-36 °C for 10 min before transferring to HEPES holding aCSF
that contained 92 mM NaCl, 2.5 mM KClI, 1.25 mM NaH,PO,, 30 mM
NaHCO;, 20 mM HEPES, 25 mM D-glucose, 2 mM thiourea, 5 mM sodium
ascorbateand 3 mM sodium pyruvate, pH adjusted to 7.3-7.4 and sup-
plemented with and 2 mM CaCl, and 2 mM MgCl,, saturated with 95%
0, and 5% CO, (ref. 75). Imaging was carried out at room temperature
using a two-photon microscope. The sensor was excited at 920 nm
with a titanium-sapphire laser (Ultra II, Coherent) that was focused
by an Olympus x40, 0.8-NA water immersion objective. Emitted fluo-
rescence was separated by a 525/50-nm filter set, and detected by
a photomultiplier (H7422PA-40, Hamamatsu). Data were acquired
and collected with Scanlmage5 software. Electrical stimulation was
performed with a bipolar stimulating electrode (Array of 2 SNEX-100
Plconcentric electrodes epoxied side-by-side, MicroProbes). The area
within approximately 20 pmof the electrode was imaged. Rectangular
voltage pulses were applied through a nine-channel programmable
pulse stimulator (Master-9, A.M.P. Instruments) and a stimulus isola-
tion unit (Analog Stimulus Isolator, A-M Systems). Imaging and elec-
trical stimulation were controlled by an Axon Digidata 1550B. Field
potentials were applied at 1, 5,10 and 15 trains with an interstimulus
interval of 0.5 s, where one single stimulusis one trainat 5V, 50 Hz with
aduration of 1s. Experiments were carried out at a scan rate of 30 Hz
(512 x 512 pixels). Drugs were dissolved as a stock solution in imaging
HBSS buffer and diluted to final concentration before application in
the perfusion system.

Fluorescence intensities from video acquisition for two-photon
field stimulation recording were performed with Image]J. Due to the
long-range diffusion nature of NPs, whole two-photon field-of-view
fluorescenceintensity was extracted instead of applying segmentation
for fine cellular components. Af/F were calculated by (fluorescence
intensity per frame — average base line fluorescence intensity) / average

baseline fluorescentintensity), where baseline is defined as first 2 min
foreachrecording. The peakintensities were determined by averaging
the AF/Fvalues from frames at the plateau of elevated signals following
stimulation.

The z-score image was processed by AF/s.d. (baseline); baseline
is the average intensity of the first 500 frames without stimulation,
and AFis calculated as the difference between averaged fluorescence
intensity across frames at responses plateau and baseline. Data were
averaged per stimulation condition and plotted by Prism.

Invivorecordings
Experimental subjects and stereotaxic surgery. Adult (25-35g),
12- to 16-week-old kOR-Cre mice or C57/B6) mice were group housed,
given access to food pellets and water ad libitum and maintained ona
12-h:12-hlight-dark cycle (lights on at 7:00). Allanimals were keptin a
sound-attenuated, isolated holding facility in the lab1week before sur-
gery, after surgery and during the behavioral assays to minimize stress.
For surgery, mice were anesthetized in an induction chamber
(2-4% isoflurane) and placed into a stereotaxic frame (Kopf Instru-
ments, 1900) where they were maintained at 1-2% isoflurane. Male
and female mice were anesthetized, following which we performed a
craniotomy and unilaterally injected as described below, using ablunt
neural syringe (65457-01, Hamilton Company). For photostimula-
tion experiments and kLight Pavlovian conditioning experiments:
300-400 nlof AAV5-DIO-ChrimsonR-tdTomato (UW NAPE Center Viral
Vector Core, viral titer 5 x 10" viral genomes (vg) per ml) into the BLA
(stereotaxic coordinates from bregma: -1.3 mm [AP], £3.2 mm [ML],
-4.6 mm [DV]), and AAV-DIO-kLight1.3 (UC Davis Viral Core, viral titer
3.6 x 10" vg per ml) followed immediately by fiber-opticimplantation
into the NAcSh (stereotaxic coordinates from bregma: +1.3 mm [AP],
+0.5 mm [ML], -4.5 mm [DV]). For experiments involving the DYN-KO,
AAV5-DIO-ChrimsonR-tdTomato and AAV-DIO-kLight1.3 were mixed
with AAV-DIO-Cre at a 1:1 dilution and injected and implanted in the
aforementioned regions using the same coordinates. For fear condi-
tioning experiments: 300-400 nl of AAV9-hSyn-kLight1.3 (Canadian
Neurophotonics, viral titer 1 x 10" vg per ml) and AAV9-hSyn-8Light
(Canadian Neurophotonics, viral titer 3.3 x 10" vg per ml) were injected
separately into the dorsal NAcsh (dNAcsh, +1.3 mm [AP], £0.5 mm [ML],
—4.5 mm [DV]) and ventral NAcsh (vNAcsh, +1.3 mm [AP], +0.5 mm
[ML], -5 mm [DV]). For fear conditioning control experiments: 300-
400 nl of AAVI-hSyn-kLightO (Canadian Neurophotonics, viral titer
7.8 x102vg per ml) and AAV1-hASyn-6LightO (Canadian Neurophoton-
ics, viral titer 9.5 x 10 vg per ml) were injected into vNAcsh as con-
trols. For SLight caramel reward retrieval experiments: 300-500 nl
virus (AAV9-hSyn-6Light, AAV-syn-6LightO) wasinjected bilaterally in
the mediobasal hypothalamus (ARC, —1.25 mm [AP], +0.25 mm [ML],
-5.6 mm[DV]fromthe surface of the brain) using a pulled glass pipette
(Drummond Scientific, Wiretrol) controlled by a micromanipulator
(Narishige). A fiber cannula was then implanted at the injection site,
and the implants were secured using two bone screws and a dental
cement head cap (Lang Dental). ([AP] values were measured from
bregma, and [ML] values were measured from the skull at bregma
unless otherwise noted.)

Fiber photometry. For fiber photometry studies, recordings were
obtained throughout the entirety of drug injection, Pavlovian con-
ditioning and head-fixed sessions as previously described”. Before
recording, an optic fiber was attached to the implanted fiber using a
ferrule sleeve (Doric, ZR_2.5). Two LEDs were used to excite kLight1.3.
A531-Hzsinusoidal LED light (Thorlabs, LED light: M470F3; LED driver:
DC4104) was bandpass filtered (470 + 20 nm, Doric, FMC4) to excite
kLightl.3 and evoke emission. A 211-Hz sinusoidal LED light (Thor-
labs, LED light: M40S5FP1; LED driver: DC4104) was bandpass filtered
(405 +10 nm, Doric, FMC4) to evoke isosbestic control emission.
Laser intensity for the 470-nm- and 405-nm-wavelength bands were
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measured at the tip of the optic fiber and adjusted to 50 pW before
each day of recording. kLight1.3 fluorescence traveled through the
same optic fiber before being bandpass filtered (525 + 25 nm, Doric,
FMC4), transduced by a femtowatt silicon photoreceiver (Newport,
2151) and recorded by areal-time processor (TDT, RZ5P). The envelopes
ofthe 531-Hz and 211-Hz signals were extracted inreal time by the TDT
program Synapse at asamplingrate of 1,017.25 Hz. For the ChrimsonR
stimulation experiments, a 625-nmlaser was used at 2 mW of intensity
todeliver red light through the tip of the same optic fiber used to excite
BLA terminals for stimulation-evoked dynorphinrelease.

Drug injection. Mice were pretreated with either vehicle (17:1:1:1ratio
of saline:dimethylsulfoxide:corn oil:ethanol) or aticaprant (Eli Lilly) at
3 mg per kgbody weight of body weight i.p. for 30 min. Mice were then
tethered to a photometry cable and placed in a chamber. Following
a 5-min baseline recording, mice were injected with either saline or
U50,488 (Sigma-Aldrich) at 10 mg per kg body weight body weight i.p.
Recordings were conducted foratotal of 1 h.

Pavlovian behavior paradigm. Mice were initially food deprived to
90% of their body weight and trained in a Pavlovianbehavioral paradigm
foratotal of 7 days withamodular test chamber (17.8 x 15.2 x 18.4 cm;
Med Associates), as previously described”. Mice were tethered to a
photometry cable and habituated to an operant chamber in which
thereisahouselightand pellet receptacle. The house lightilluminates
asthe conditioned stimulus (CS) and sucrose pellets (20 mg, BioServe)
are the unconditioned stimulus (US). Each trial consists of 5s of CS
presentation and a single sucrose pellet dropped 7 s after CS onset.
Theintertrialintervalwasrandomized between 60 and 120 s. The total
sessionwas1h.

Stimulation-evoked release. Mice were restrained at the head ina
custom-made head-fixation device”” and tethered to a photometry
cable. Forinitial parameter determination experiments, mice received
20-Hz, 5-ms pulse-width laser stimulationinarandomized order vary-
ing the stimulus intensity, duration or pulse number, separated by an
intertrial interval of 5 min resulting in five trials per mouse per condi-
tion, every session. For drug pretreatment experiments, mice were
injected with aticaprantat3 mg per kgbody weight or U50,488 at10 mg
per kg body weight body weighti.p using the aforementioned vehicle
30 minbefore stimulation sessions. Mice received ten trials per mouse
with anintertrial interval of 5 min.

Fear conditioning paradigm. Mice were placed into afear conditioning
chamber (Med Associates) with a patch cord connected for photomet-
ricrecordings. A Doric fiber photometry system was used in this study
with 465 nm and 405 nmof light (LED, ~30 pW) used for generating the
signal and as anisosbestic control, respectively. Each animal received
15 presentations of a 27-s tone (3,000 Hz) co-terminating with a foot
shock (0.5 mA for 1.5s) delivered at 2-min intervals. Each animal
received 15 tone-foot shock pairings over the course of 40 min, and
the responses for these trials were averaged to create a single trace
per animal. Data analysis was performed with custom-written scriptin
MATLAB. In brief, 405-nm traces were fit with a bi-exponential curve,
and then the fit was subtracted from the signal to correct for baseline
drift. AF/F% was calculated as [100 x (465 signal — fitted signal)/fitted
signal)]. Traces were then z-scored. A heat map was plotted using a
custom MATLAB script by plotting normalized single trials of traces
from all animals tested per brain region.

Photometry analysis. Custom MATLAB scripts were developed for
analyzing fiber photometry data in the context of mouse behavior.
The isosbestic 405-nm excitation control signal was subtracted from
the 470-nm excitation signal to remove movement artifacts. Baseline
drift was evident in the signal due to slow photobleaching artifacts,

particularly during the first several minutes of each recording session.
A double exponential curve was fit to the raw trace and subtracted to
correct for baseline drift. After baseline correction, the photometry
trace was z-scored relative to the mean and standard deviation of the
session. The post-processed fiber photometry signal was analyzed
in the context of animal behavior during Pavlovian conditioning and
operant task performance. Pearson correlations, one-sample ¢-tests,
two-sample t-tests and two-way ANOVAs were performed using stand-
ard MATLAB functions ‘corr’, ‘ttest’, ‘ttest2’ and ‘anovan’, respectively.
Peak, mean and minimum fluorescence was determined during pre-
determined time windows for the injection period (0-5 min), reward
period (5-20 s), release period (0-20 s) or artifact period (0-20 s)
subtracted from peak, mean or minimum fluorescence valuesinabase-
line window (=5 to 0 s). Code that supports the analysis will be made
available from the corresponding author upon reasonable request.

Perfusion and histology. The stock Avertin (tribromoethanol) was
made by mixing 10 g of 2,2,2-tribromoethyl alcohol and 10 ml of
tert-amyl alcohol. The working stock was diluted to 1.2% (vol/vol)
with water and shielded from light. Animals were euthanized with
125 mg per kg body weight 1.2% Avertin (i.p.) followed by transcardial
perfusionwithice-cold 1x PBS and subsequently perfused withice-cold
4% paraformaldehydein1x PBS. After extraction of the mouse brains,
samples were post-fixed in 4% paraformaldehyde at 4 °C overnight.
The mouse brains were cryo-protected by immersionin10% sucrosein
alx PBSsolution overnight. Samples were next placed in30% sucrose
inalxPBSsolution for >1day, before embedding the samplesin O.C.T.
Samples were then transferred to a-80 °C freezer for long-term stor-
ageorwereslicedinto 50-pm sectionsonacryostat (Leica Biosystems)
for histology. Histology samples were imaged on a Leica Stellaris 8
confocal microscope.

Quantification and statistical analysis

Treatments were randomized, and the data were analyzed by experi-
menters blinded to the treatment conditions. No statistical methods
were used to predetermine sample sizes, but our sample sizes are
similar to those reported in previous publications®****7*°_ Data dis-
tribution was assumed to be normal, but this was not formally tested.
Statistical analyses were performed using GraphPad Prism 9 unless
noted otherwise. Measurements are taken from distinct samples,
and the sample size is indicated as n numbers. All comparisons were
planned before performing each experiment. A P < 0.05 was consid-
ered significant. Data are represented as mean + s.e.m., unless oth-
erwise noted, with asterisks indicating significance levels (*P < 0.05,
*P <0.01, **P<0.001 and ***P < 0.0001). No animals or data points
were excluded from the analysis.

Materials availability

The following plasmids have been deposited in Addgene: pCMV-
kLight1.3 (201223), pCMV- 6Light (201224) and pCMV- pLight (201225).
Thefollowing viral constructs have been deposited at UNC Neurotools:
PAAV-hSyn-kLight1.3 (NT-23-888), pAAV-CAG-DIO-kLightl.3a (NT-23-
724) and pAAV-hSyn-GLight (NT-23-485). kLight1.3, SLight and pLight
stable cell lines will be available upon request via MTA with UCD.

Inclusion and ethics statement

In adherence to the principles outlined in the Global Code of Con-
ductfor Researchin Resource-Poor Settings, this study engaged local
researchers in all phases, ensuring local relevance and shared own-
ership of data and intellectual property. Local ethical approval was
obtained, and roles were clearly defined and agreed upon with local
partners to foster capacity building. This research was conducted
with high ethical standards, prioritizing the safety and well-being of
all participants, and incorporating benefit-sharing measures for the
use of local resources and knowledge.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Thefollowing public dataset was used to support this study: Allen Brain
AtlasISH data (https://mouse.brain-map.org/). Allsource data present
in this manuscript are available from https://github.com/lintianlab/
OpioidSensors/tree/main/0-SourceData/.

Code availability
All custom MATLAB codes are available from https://github.com/
lintianlab/OpioidSensors/tree/main/1-Codes/.
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Extended Data Fig. 1| Screening and characterization of the opioid sensors.
(a) Schematic diagrams showing the components of recombinant DNA for

each opioid sensor. (b) Simulated structure of pLight. Mu opioid receptor
(LOR, magenta), linkers (orange), cpGFP (light green). (c) Optimization of the
opioid sensor variants. Dots representing AF/F (%) of variants screened along
optimizations, including cpGFP insertion sites, linker screening, and point
mutations. A ligand concentration of 100 pM was used for screening; U50,488
for kLight (blue), ME for SLight (green) and DAMGO for pLight (magenta).
Variants with the highest AF/F (%) indicated as kLight1.3 (144.47%) with 698
variants screened; Light (191%) with 63 variants screened; pLight (69.6%) with
233 variants screened. (d) (Top) Representative image of 4 independent transient
transfection of pLight in HEK293T cells. (Bottom) Heatmap indicating signal-
to-noise-ration (SNR) upon addition of 100 uM B-endorphin. Scale bar, 20 pm.
(e) (Left) Agonist (100 pM DynA8) and antagonist (1 mM naloxone) response of
kLightl.3 transiently expressed in dissociated hippocampal neuron cultures.
n=4wells.Solid blue line represents the mean, and shaded area represents
SEM. AF/F (%) comparison between two states: agonist response (151 +5.0 %),
+antagonist response (36.9 + 11.7 %), two-tailed unpaired t test, ***p = 0.0001.
Nalo=Naloxone. (middle) Agonist (100 pM ME) and antagonist (1 mM naloxone)
response of SLight transiently expressed in dissociated hippocampal neuron
cultures.n =4 wells. Solid green line represents the mean, and the shaded area
represents SEM. AF/F (%) comparison between two states: agonist response
(123 +19.4 %), + antagonist response (1.82 + 2.4 %), two tailed unpaired t test,
***p =0.0008. (right) Agonist (100 pM B-endorphin) and antagonist (1mM
naloxone) response of pLight transiently expressed in dissociated hippocampal
neuron cultures. n =4 wells. Solid magenta line represents the mean, and the
shaded arearepresents SEM. AF/F (%) comparison between two states: agonist

response (19.6 + 3.2 %), + antagonist response (0.75 + 3.6 %), two tailed unpaired
ttest, **p = 0.0082. (Right). (f) Excitation-emission spectra of the three opioid
sensors under both bound (upper lines, 100 uM DynAS8 for kLight -blue, 100 pM
ME for &Light -green, and 100 uM B-endorphin for pLight -magenta) and
unbound (lower lines) states. Excitation (dotted lines) of all three sensors peaks
at~490 nm, and emission (solid lines) of all three sensors peaks at ~515 nm.

(g) (Left) representative imaging showing kLightO-expressing HEK293T

cells, scale bar 20 pm. (Right) kLightO-expressing HEK293T cells respond to
ligands in a concentration-dependent manner plotted together with kLight1.3
(DynA13-kLight1.3 - blue, DynA13-kLightO - black, 3-endorphin-kLight0 -

gray, ME-kLightO - yellow). Error bars represent SEM. n = 4 wells each. Dyn=
dynorphin, ME = met-enkephalin. (h) (Left) representative imaging showing
SLight0-expressing HEK293T cells, scale bar 20 um. (Right) 5LightO-expressing
HEK293T cells respond to ligands in a concentration-dependent manner plotted
together with 8Light (ME-8Light - green, ME-SLightO - black, -endorphin-
SLightO - gray, DynA13- 8LightO - yellow). Error bars represent SEM. n = 4 wells
each. Dyn =dynorphin, ME = met-enkephalin. (I) (Left) representative imaging
showing kLight1.3 - expressing dissociated hippocampal neurons, scale bar

50 pum. (Right) kLight1.3-expressing dissociated hippocampal neurons respond
toligandsinaconcentration-dependent manner (DynA13 - blue, B-endorphin -
gray, ME - black). Error bars represent SEM. n = 4 wells each. Dyn = dynorphin, ME
=met-enkephalin. (j) (Left) representative imaging showing 8Light - expressing
dissociated hippocampal neurons, scale bar 50 pm. (Right) SLight-expressing
dissociated hippocampal neurons respond to ligands in a concentration-
dependent manner (ME - green, DynA13 - gray, B-endorphin - black). Error bars
represent SEM. n =4 wells each. Dyn = dynorphin, ME = met-enkephalin,

scale bar, 50 pm.
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Extended DataFig. 2| Binding studies of selected compounds on the opioid
sensors and receptors. (a) Concentration-response curves of pLight-expressing
HEK293T cells to three peptide ligands (3-endorphin - magenta, ME - gray,
DynA13 - black). Error bars represent SEM. (b) Concentration-response curve

of pLight-expressing HEK293T cells to oxycodone and buprenorphine. Error
barsrepresent SEM. (c) Linear regression plot between the s-slope (maximum
displacement/IC50, in nM-1) for kOR (S-slope - kKOR Binding) and kLight1.3
(S-slope - kLight Binding) measured with a radio-ligand binding assay. Red curves
indicate 95 % confidence interval. (d) Linear regression plot between the s-slope
(maximum displacement/IC50, in nM-1) for SOR (S-slope - 8OR Binding) and
SLight (S-slope - 6Light Binding) measured from radio-ligand binding assay. Red
curvesindicate 95 % confidence interval. (e) Linear regression plot between the

s-slope (maximum displacement /1C50, in nM-1) for pOR (S-slope - pOR Binding)
and pLight (S-slope - pLight Binding) measured from radio-ligand binding

assay. Red curves indicate 95 % confidence interval. (f) NanoBiT assay (KOR/
kLight1.3 or SOR/6Light + SmBiT-Barrl + LgBiT-CAAX) measuring Barrestinl
translocation to plasma membrane upon stimulation with 1 uM DynA17 (top: KOR
+DynA17 (black), kKOR (gray), kLight1.3 + DynA17 (blue), kLight1.3 (light blue),
1M DynA17 added at 5 min) or 1 pM DADLE (bottom: 8OR + DADLE (black), 5OR
(gray), 8Light + DADLE (green), 8Light (light green), 1 uM DADLE added at 5 min),
n=3foreach experiment, error bars represent SEM. (g) GloSensor cAMP assay
measuring DynAl17 inhibition of forskolin (FSK)-induced cAMP elevation between
top: KOR (black) and kLight1.3 (blue), n =5, and bottom: 80R (black) and SLight
(green), n=4, error barsrepresent SEM.
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Extended Data Fig. 3| Comparison of top kLight variants and buffering effect
study. (a) Sequence alignment of kLight1.2a, kLight1.2b, kLightl.2c, kLight1.3,
and kLightl.3a. Purple indicates the same residues across all variants. Blank
indicates different residues. Blue color indicates KOR sequence. Orange indicates
linkers. Green indicates cpGFP sequences. Gray indicates the sequence for the
ER2 tag. Khakiindicates the sequence for the PRC tag, and magenta indicates the
TlenC tag. (b) (left) CYD8 uncaging response comparison between kLight1.2a
(dark blue, n=12videos), kLight1.2b (black n = 9 videos), and kLight1.2¢c
(magenta, n =15 videos) expressed in dStrin acute brainslices. The solid line
represents the mean, and the shaded area represents SEM. (right) kLight1.2a
showed faster T1/2 off dynamics compared to kLight1.3 (kLight1.3 T1/2 extracted
fromFig.3c,137 + 14, n = 6; kLight1.2a,79 + 8.9,n =12; kLight1.2b,301£101,n=9;
kLightl.2c, 156 + 40, n =15, **p = 0.001, one-way ANOVA). Error bars represent
SEM. (c) Max AF/F (%) at the peak of the CYD8 uncaging responses for kLight1.2a
(blue, n =24 videos), kLight1.2b (black, n =11 videos), and kLight1.2c (magenta,
n=16videos).kLightl.2a:9.09 + 0.8 %, kLight1.2b: 5.1 + 0.5 %, kLight1.2c:

6.84 £ 0.7 %.**p = 0.0027, ordinary one-way ANOVA with Dunnett’s multiple
comparisons test. Error bars represent SEM. (d) Dose response curves for
DynA13 at kLightl.2a (dark blue, n =3 wells, EC50 =366 nM), kLight1.2b (black,
n=>5wells, EC50 =306 nM), kLight1.2c (magenta, n = 4 wells, EC50 =234 nM),
and reused kLightl.3 trace from Fig. 1e (blue, n = 4 wells, 0.0898 nM). Error bars
represent SEM. (e) Schematicindicating injection of C57/B6) pups with AAV1-
hSyn-kLight1.2a or AAV-DJ-CAG-GFP in the hippocampus followed by 3 weeks

of expression prior to preparation of acute brain slices for electrophysiology.

(f) Schematic of the electrophysiological recording configuration. Whole-cell
voltage-clamp recordings are obtained from pyramidal cells (PCs) held at 0 mV

while parvalbumin (PV) basket cell axons are preferentially stimulated with a
narrow-tipped theta-glass-based bipolar stimulating electrode. Two electrical
stimuliare applied 50 ms apart to drive synaptic inhibition. A 5 ms flash of 355 nm
light (semitransparent purple circle) is applied to photorelease DynA8, which
acts on presynaptic mu and delta opioid receptors on the PV cell to suppress

the synaptic output. (g) Example inhibitory post-synaptic currents (IPSCs)
before (black) and after (purple) DynA8 photorelease. (h) Time-course of IPSC
suppression in response to DynA8 photorelease in slices expressing kLight1.2a
(n=13 cells from 3 mice, green) or GFP (n =10 cells from 3 mice, black) using
differentintensities of UV light. Traces indicate the mean peak IPSC (normalized
to100%) over time, which was probed every 20 sec. Purple arrows indicate the
application of UV light. The solid lines represent the mean, and the shaded

areas represent SEM. (i) Power-response curve summarizing the fraction of the
baseline IPSC suppressed by DynA8 photorelease in slices expressing kLightl.2a
(n=13cells from 3 mice, green) or GFP (n =10 cells from 3 mice, black). No
significant differences were detected at different power densities (Two tailed
multiple Mann-Whitney tests between GFP and kLight1.2a at different power
densities: 0.13 pW/pum2: p = 0.91, 0.51 pW/um2: p = 0.71, 0.89 pyW/um2: p=0.71,
11 pW/pm2: p = 0.70, non-significant). (j) Average time constant of IPSC recovery
after DynA8 photorelease in slices expressing kLight1.2a (n = 3 mice, green) or
GFP (n =3 mice, black). No significant differences were detected (Two tailed
multiple Mann-Whitney tests between GFP and kLight1.2a at different power
densities: 0.51 yW/pum2: kLightl.2an =10 cells, GFP n =5 cells, p = 0.52; 0.89 pW/
pm2: kLightl.2an =11cells, GFP n =9 cells, p = 0.04; 11 yW/um2: kLightl.2an=11
cells, GFPn =10 cells, p = 0.56, non-significant). Error bars represent SEM.
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Extended Data Fig. 4 | See next page for caption.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Technical Report

https://doi.org/10.1038/s41593-024-01697-1

Extended Data Fig. 4 | Dynorphin diffusion analysis and in vivo
pharmacology with control sensors. (a) Representative example of the
fluorescence response of kLight1.2a for single pixels along the center of the
imaging field at various distances from the site of DynA8 photorelease.

(b) Representative examples of fluorescence profile as a function of distance
from the uncaging site at differing time points after uncaging. (c) Representative
example of a fluorescence profile at asingle time (5 sec, as in Extended Data Fig.
4b), normalized and fit to an exponential functionin order to extract the half
width (30.5 pm). (d) Representative plot of the half-width squared/4 vs. time

for determination of the apparent diffusion coefficient D*. The fluorescence
profile fits (for example Extended Data Fig. 4c) were repeated in1second time
bins to extract the half-width. The slope of this linear regression is the apparent
diffusion coefficient D*. (e) Fluorescence response (AF/F) to U50,488 (100 pM)
compared between kLight1.3 (blue, n =3 wells), and kLight1.3a (magenta,n=3
wells). kLight1.3:1.56 + 0.12, kLight1.3a:1.474 + 0.18, two tailed unpaired t test,

p = 0.724, non-significant. Error bar represents SEM. (f) Basal fluorescence
compared between kLight1.3 (blue, n =3 wells), and kLight1.3a (magenta,n=3
wells). kLight1.3:25.0 + 0.08, kLight1.3a: 61.01 + 4.49, two tailed unpaired t test,
**p=0.0013. Error bar represents SEM. (g) (Left) representative imaging showing
kLightl.3a- expressing dissociated hippocampal neurons, scale bar 50 pm.
(Right) kLightl.3a-expressing dissociated hippocampal neurons respond to
ligands in a concentration-dependent manner (DynA13 - magenta, -endorphin
- gray, ME - black). Error bars represent SEM. n = 4 wells each. Dyn =dynorphin,
ME = met-enkephalin. (h) Representative images showing kLight (top), SLight
(middle), and zoomed-in image for &Light (bottom) expressionin ARC.

Scale bar 150 pm for both kLight and SLight. SLight zoomed insert has scale
bar=30 pm. Abbreviations: ventricle (3 V), fiber track (f.t.). (i) (Left) kLightO
response to 3 mg/kg U69,593 (gray, n = 3 animals), and 3 mg/kg U69,593 + 1 mg/kg
U62,066 (black, n=4animals) in ARC, Solid lines represent the mean, and
shaded areas represent SEM. (Right) bar graph indicating the peak z-score of
eachresponse, U69,593:-1.9 + 0.7 %, U69,593 + U62,066: -0.2 + 1%, unpaired
ttest, p=0.2625, non-significant. U69 = U69,593, U62 = U62,066. Error bars
represent SEM. (j) (Left) SLightO response to 5 mg/kg SNC162 (gray, n =4
animals), and 5 mg/kg SNC162 + 4 mg/kg naloxone (black, n = 4 animals) in ARC.
Solid lines represent the mean, and shaded areas represent SEM. (Right) bar
graphindicating the peak z-score of each response, SNC162: 0.77 + 0.5 %,
SNC162 +naloxone: 0.33 + 0.4 %, unpaired t test, p = 0.4948, non-significant.
Nalo =Naloxone. Error bars represent SEM. (k) (Left) kLightO response to

10 mg/kg U50,488 (gray, n =3 animals), and 10 mg/kg U50,488 + 10 mg/kg
naloxone (black, n =3 animals) in CA3. Solid lines represent the mean, and
shaded areas represent SEM. (Right) bar graph indicating the peak z-score of
eachresponse, U50,488: -1+ 0.7 %, U50,488 + naloxone: —0.75 + 0.8 %, two tailed
unpaired t test, p = 0.8123, non-significant. USO = U50,488, Nalo = Naloxone.
Error bars represent SEM. (1) (Left) SLightO response to 5 mg/kg SNC162 (gray,

n =4 animals), and 5 mg/kg SNC162 + 4 mg/kg naloxone (black, n =3 animals) in
ARC, Solid lines represent the mean, and shaded areas represent SEM. (Right)
bar graphindicating the peak z-score of each response, SNC162: -0.61 + 0.4 %,
SNC162 + naloxone: -0.27 £ 0.07 %, two tailed unpaired t test, p = 0.5451, non-
significant. Nalo = Naloxone. Error bars represent SEM.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Technical Report https://doi.org/10.1038/s41593-024-01697-1

_ 6 0.0 4+
[ o —
= 2 o
8 8 -0.5 S
7 @» o .
) & 2 24
g o ~1:0 o '
2 £ S
8 £ -1.5 < -
2 = g 0+
S £ -2.01 'g
* ! : © 2 25—
" -5 0 20 a9 o B
o 1 2 5 0 fime (sec) 2 Time (sec) ChRimson  Ctrl ChRimson  Ctrl
F G H | 1.5 -
Stim Stim i
3 3 . 5 1.0
— —_ — ChRimson o
< o I : P
8 5 g 5 stim N 0.5
? ? ? Q
N N N 2
~ - - < 0.0
g 80 30 = 4
S 5 5 5-0.5+ [
3 ChRimson Q ChRimson 9 /\f z
g 1 stim g 3 stim g 1.0 )
A0
E L.—j_ E 1stim 3stim 5stim
-3 . -3 : -3 .
-5 0 _ 20 - -
Time (sec) 5 0 Time (sec) 20 ° 0 Time (sec) 20 J
Stim Stim Stim -
20 Y 18 8
© - . © =
(= = ©
= g=5 |, * £
1 - -6 £ -2
-5 0 20 =
Time (sec) e
S :
z 31

1stim 3stim 5stim

WT/Dyn-KO:NAc
WT/Dyn-KO:BLA
AAV5-Cre+AAV5-CAG- AAV5-Ef1a-

DIO-kLight1 .Sﬂ DIO-ChRimson
7

I
 —

=
o
o

Injection Injection

4 4 Y 6 2.0+ 2.0+
g ' A ®
o o =
2 : $1'5' 8154
N 241l & &
§ £ Aticaprant+U50,488 3§ 1.0 Q1.0
g 24V & <
& 0 DIO-kLight1.3a £ 0.5 £0.54
E WT: U50,488 S S
w Dyn-KO: U50,488 1 |

150 . 50 0 . 0.0

Time Time WT Dyn-KO WT Dyn-KO

Q Stim Stim . —
4 M 40 i _ 37 37
e : © : ® :
Q r L o . o :
% ] - $ 27 i . § 21 :
= 0 = N . N . .
8 % 1 —Eg 1 i B 5
c = [) =)
o DIO-kLight1.3a E o . £
S wT = 2 : 2
“—_6 Dyn-KO 1 1 ;

50 20 -5

T T T T
Time WT Dyn-KO WT Dyn-KO
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Extended DataFig. 5| Controls for in vivo fiber photometry with
optogenetics and other stimulation parameters. (a) Coronal brain schematic
showing photometry fiber placements in the NAcSh of KOR-Cre+ mice. (b) Mean
recorded kLight1.3a fluorescence averaged across all stimulation-evoked trials in
ChRimson-injected (dark purple; n = 4 mice) or control mice (light purple;n=2
mice). Solid lines represent the mean, and shaded areas represent SEM.

(c) Heatmap raster plot of recorded kLight1.3a fluorescence averaged across all
stimulation-evoked trials in ChRimson-injected (top; n = 4 mice) or control mice
(bottom; n =2 mice). (d) Normalized fluorescence minima during all stimulation-
evoked trials. (0-20 sec; ChRimson - n =4 animals: -1+ 0.14, Control-n=2
animals:-0.87 + 0.14, two tailed unpaired t test, p = 0.51, non-significant). Data
represented as mean = SEM. (e) Normalized fluorescence area under the curve
of single trails during all stimulation-evoked trials (0-20 sec; ChRimson-n=4
animals: 0.98 + 0.15, Control - n =2 animals: —0.45 + 0.13, two tailed unpaired
ttest, ***p <0.0001). Data represented as mean + SEM. (f) Mean trace and
heatmap raster plot of recorded kLight1.3a fluorescence averaged across all
1second stimulation-evoked trials in ChRimson-injected mice (n = 4 animals).
Stimindicates the time of stimulus application. Solid lines represent the mean,
andshaded areas represent SEM. (g) Mean trace and heatmap raster plot of
recorded kLight1.3a fluorescence averaged across all 3 second stimulation-
evoked trials in ChRimson-injected mice (n =4 animals). Stim indicates the

time of stimulus application. Solid lines represent the mean, and shaded areas
represent SEM. (h) Mean trace and heatmap raster plot of recorded kLight1.3a

fluorescence averaged across all 5 second stimulation-evoked trials in ChRimson-

injected mice (n =4 animals). Stim indicates the time of stimulus application.
Solid lines represent the mean, and shaded areas represent SEM. (i) Normalized
fluorescence area under the curve of single trails during all stimulation-evoked
trials (0-20 sec; 1stim (dark purple): 1+ 0.22, 3 stim (medium purple): 0.46 + 0.22,
5stim (light purple): -0.29 + 0.37, ordinary one-way ANOVA with Dunnett’s
multiple comparisons test, *p = 0.0167, n = 4 animals). Data represented as

mean + SEM. (j) Normalized fluorescence minima during all stimulation-

evoked trials (0-20 sec; 1stim (dark purple): -1+ 0.14, 3 stim (medium purple):
-1.18 £ 0.2, 5stim (light purple): -0.87 + 0.14, ordinary one-way ANOVA with

Dunnett’s multiple comparisons test, p > 0.05, n = 4 animals). Data represented as
mean + SEM. (k) Schematic of viral injection sites for kLight1.3ainto NAcSh and
ChRimson into BLA of WT or DYN-KO miice. (I) Representative 20X coronal image
(left panel) showing expression of kLight1.3a (green), ChRimson (red), DAPI
(blue), and fiber placement in NAcSh (left; scalebar - 200 pm), and ChRimson
(red) and DAPI (blue) in BLA (right; scalebar - 200 pm) from 6 animals and
showed similar results. (m) Mean recorded kLightl.3a activity averaged across
allanimals following i.p injections of U50,488 in WT (dark; n = 4 animals) and
DYN-KO (light; n = 4 animals). Solid lines represent the mean, and shaded areas
represent SEM. (n) Heatmap raster plot of recorded kLightl.3a activity averaged
across all animals following i.p injections of U50,488 in WT (dark; n = 4 animals)
and DYN-KO (light; n = 4 animals) displayed in animal ascending order by average
activity followinginjection. (o) Normalized peak fluorescence during injection
period (0-50 min; WT:1+ 0.24, DYN-KO: 0.9 + 0.17; two tailed paired t test,
p=0.8078, n =4 animals). Datarepresented as mean + SEM. U50 = U50,488.

(p) Normalized fluorescence area under the curve of single trails during injection
period (0-50 min; WT:1+ 0.38, DYN-KO: 0.73 + 0.3; two tailed paired t test,
p=0.6123, n =4 animals). Datarepresented as mean + SEM. U50 = U50,488.

(q) Meanrecorded kLightl.3a activity averaged across all trials during ChRimson
stimulation-evoked trialsin WT and DYN-KO (n = 4 animals). Solid lines represent
the mean, and shaded areas represent SEM. Stim indicates the time of stimulus
application. (r) Heatmap raster plot of recorded kLightl.3a activity averaged
across all trials during ChRimson stimulation-evoked trials in WT and DYN-KO
(n=4animals) displayed in ascending trial order by average activity across trials.
Stimindicates the time of stimulus application. (s) Normalized peak fluorescence
across vehicle and aticaprant treatment during all ChRimson stimulation-evoked
trials (0-20 sec; WT: 1+ 0.09, DYN-KO: 0.48 + 0.08; two tailed paired t test,

***p =0.0004, n =4 animals). Data represented as mean + SEM. (t) Normalized
fluorescence area under the curve of single trails across vehicle and aticaprant
treatment during all ChRimson stimulation-evoked trials (0-20 sec; WT:1+ 0.1,
DYN-KO: 0.43 + 0.05; two tailed paired t test, ****p < 0.0001, n = 4 animals). Data
represented as mean + SEM.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Technical Report

https://doi.org/10.1038/s41593-024-01697-1

AAV1-hSyn-kLight0 (C-D)

or

AAV1-hSyn-8Light0 (E-F)

I

Ventral NAc shell (vNAc)

vNAc
C z-score D % A
300+
-10 200-
(@]
-]
<
(9]
5 100+
?
N
0-
0 28 50 KLight0 «kLight1.3 kLight0 «kLight1.3
Time (sec) Tone Post shock
vs BLight VNAC
E z-score F
15 1 * *
0 | g 50+ 50
= 40+ 40
-2 115
o 307 o 307
2, 2 2
® 20+ 20
3
@ 10+ 10
N
-2 T T T T | _
20 0 20 40 60 80 oLight 0  dLight oLight0 oLight
Time (sec) Tone Post shock
G 4 ,— dLight 0 - Saline+Caramel *k
— OLight O - Naloxone+Caramel o
2 20
o
[e} 15_
(%]
20 S
" < 10 i
OLight0- Sal + Car
5 5 SLight0- Nalo + Car
oLight- Sal + Car
T T , 04
-5 0 5 10

Time (min)

Extended Data Fig. 6 | See next page for caption.

Nature Neuroscience


http://www.nature.com/natureneuroscience

Technical Report

https://doi.org/10.1038/s41593-024-01697-1

Extended DataFig. 6 | In vivo fiber photometry during aversive and
rewarding behaviors with control sensors. (a) Representative images
indicating kLight1.3 expression in dNAcsh from 7 animals (left) and vNAcsh
from 8 animals (right) showing similar results. Blue lines indicate the fiber tract.
Scale bar =100 pum. (b) Experimental schematic indicating injection of kLightO
and 6LightO into vNAc individually, followed by fear conditioning protocol

(30 sec tone, co-terminated with 1.5 sec shock, as described in Fig. 6a), recorded
with fiber photometry. (¢) kLightO response in vNAc: (Top) Sorted shock trials
averaged across animals from top to bottomin chronological order (trial 1at the
top, trial 10 at the bottom). (Bottom) Average trace of kLightO response (black)
during fear conditioning, tone (0-30 sec, yellow shade), shock, (27.5-29 sec,
orange). Solid line represents the mean, and shaded areas represent SEM.n =5
animals. (d) Area under the curve of single trails in (Extended Data Fig. 6¢) and
(Fig. 6¢) during tone and post-shock. Tone AUC kLightO (gray): 41 + 7.6, tone
AUCkLight1.3 (blue): 74 + 7, two tailed unpaired t test, **p = 0.0016. Post-shock
AUCKkLightO (gray): 37 + 8.5, post-shock AUC kLightl1.3 (blue): 135 + 15, two tailed
unpaired t test, ****p = 0.0001. kLight1.3 bar graph data reused from Fig. 6d.
Error bars represent SEM. Plotted and compared all single trial AUCs for tone
(0-25 sec) and post-shock (30-70 sec) from n =5 animals for kLightOandn=8
animals for kLight1.3. (e) SLightO response in vNAc: (Top) Sorted shock trials
averaged across animals from top to down in chronological order (trial 1at the

top, trial 15 at the bottom). (Bottom) Average trace of SLight response (black)
during fear conditioning, tone (0-30 sec, yellow shade), shock, (27.5-29 sec,
orange). Solid line represents the mean, and shades represent SEM. n = 5 animals.
(f) Area under the curve of single trails in (Extended Data Fig. 6e) and (Fig. 6f)
during tone and post-shock. Tone AUC SLightO (gray): 11 + 2.5, tone AUC &Light
(green):18 £ 1.5, two tailed unpaired t test, *p = 0.025. Post-shock AUC SLightO
(gray): 6.8 + 1.5, post-shock AUC SLight (green): 16 + 2.7, two tailed unpaired t
test, **p = 0.0034. &Light bar graph data reused from Fig. 6g. Error bars represent
SEM. Plotted and compared all single trial AUCs for tone (0-25 sec) and post-
shock (30-70 sec) from n = 5 animals for 8Light0 and n = 5 animals for SLight.

(g) (Left) Averaged 6LightO fluorescence upon caramel retrieval after injection
of saline (gray) or 4 mg/kg naloxone (black) (n = 4 animals). Solid lines represent
the mean, and shaded areas represent SEM. (Right) Area under the curve of
single trails between 6LightO-saline, 8Light0-naloxone, and 5Light-saline
conditions, 8LightO-saline (gray): 5.8 + 2.8, 5Light0O-naloxone (black): 3.1+ 2.1,
SLight-saline (green): 20 + 2.3, SLight-saline vs 5Light0-saline **p = 0.0088,
SLight-saline vs 8Light0-naloxone **p = 0.0032, ordinary one-way ANOVA with
Dunnett’s multiple comparisons test. SLight-saline bar graph data reused from
Fig. 6k. Error bars represent SEM. Abbreviations: saline (Sal), naloxone (Nalo),
caramel (Car).
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Extended Data Table 1| Drug activation and affinity parameters in kLight, SLight, and pLight cells

Compound KLight oLight pLight

AF/F max EC50 (M) | AF/F max EC50 (M) | AF/F max EC50 (M)

(%) (%) (%)
B-endorphin 126.9+8.55 | 1.77E-06 | 147.9+4.07 4.18E-07 | 54.9+2.78 | 1.61E-06
BAM18 99.5+1.70 3.56E-08 | 155.0+1.73 1.82E-07 | 13.242.17 | 1.86E-07
B-neoendorphin | 92.0+1.40 2.59E-08 | 157.5+3.66 3.31E-08 | 142445 | 6.31E-06
Buprenorphin 58.6+3.31 1.58E-08 | 253.8+29.88 | 8.10E-10 | -8.3+1.63 7.34E-11
DAMGO 52.9+2.09 1.34E-06 | 101.5+22.50 | 1.51E-05 | 50.5+1.95 | 5.05E-07
Deltorphin | 37.8+7.27 217E-09 | 253.8+29.88 | 7.36E-09 | 43.1+9.43 | 7.38E-06
DPDPE 20.5+1.67 1.66E-10 | 17.1+4.08 1.93E-10 | n/a n/a
DynA17 94.0+6.42 9.20E-10 | 167.4+3.65 1.96E-07 | n/a n/a
DynA13 93.6+3.93 8.98E-11 | 2326+6.82 | 2.13E-07 | 45.6 £0.83 | 3.74E-06
DynA8 11264221 | 1.05E-08 | 231.6+1557 | 1.97E-08 | 248+ 0.63 | 6.51E-06
DynB9 177.2+3.94 | 1.00E-08 | 217.1420.88 | 1.99E-08 | 42.3+3.28 | 3.76E-06
Endomorphin | 41.746.31 4.96E-08 | 11.6+£1.074 1.75E-10 | 26.6+4.37 | 1.01E-07
Fentanyl 103.9+11.88 | 2.09E-07 | 134.1+5.97 6.00E-07 | 13.9+2.20 | 3.58E-08
LE 95.9+3.55 5.01E-06 | 214.945.53 7.22E-09 | 27.0+3.68 | 2.84E-06
ME 80.3+1.79 6.64E-06 | 246.1+4.56 6.58E-09 | 40.0+1.55 | 4.27E-07
Methadone 149.9+2.96 | 6.79E-06 | 146.7+3.20 1.80E-05 | 26.7+5.31 3.77E-06
Metorphinmide 105.3+8.15 | 1.52E-08 | 161.3+2.69 9.55E-08 | 40.9+1.55 | 6.39E-08
Morphine 40.1£2.78 3.77E-08 | 26.7+1.25 1.18E-10 | n/a n/a
Nalfurafine 199442533 | 9.61E-12 | 39.7+3.24 3.22E-10 | -12.841.33 | 1.16E-09
Oxycodone 34.5+4.44 1.08E-08 | 45.016.45 6.97E-08 | -12.8+2.78 | 1.59E-11
SNC162 12.242.39 8.28E-06 | 152.1+5.20 1.03E-08 | 2.9+1.69 8.73E-08
SNC80 42.4+3.39 6.65E-09 | 209.445.29 1.82E-07 | 38.810 1.52E-06
U50,488 189.7+2.79 | 5.29E-08 | 36.1+0.87 4.1E-5 13.4+1.61 1.08E-05
U69,593 163.4+4.97 | 2.78E-07 | 23.9+1.59 2.14E+10 | 30.849.63 [ 243E-12

Dose-response assays from (1pM-100 M) of each compound screened on kLight, SLight, pLight stable cell lines. AF/F max values are sensor responses at 100 uM of each compound. EC50
values were calculated with the mean of AF/F values at each concentration of compounds. Data are represented by mean+SEM, n/a = not applicable.
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Extended Data Table 2 | Displacement binding parameters in kLight, dLight, and pLight cells

Compound KLight oLight uLight
ICs0 [NM] | % bound | ICso [NnM] | % bound ICso [NM] % bound
at 10 uM at 10 uM at 10 uM
ME 13043 1015 94711 7714 242 7713
LE 1443 1348 3431 6513 6712 7012
-endorphin 31 81+2 62+4 2%2 59+2 1244 4643
DynA8 112 7113 22241 5143 4812 58+2
DynA17 4712 7414 4712 4712 1542 60+2
DynB13 612 7612 17842 5844 1042 6112
Metorphamide 1312 283 561 5313 14902 4043
BAM 18 24312 6613 323 3243 1412 82+2
Peptide E 25242 4042 2278+2 5117 15442 6512
Peptide F 1843 2116 9012 4044 13+3 3412
a-neoendorphin 6+3 4214 n.t. n.t. n.t. n.t.
-neoendorphin 1312 2515 n.t. n.t. n.t. n.t.
DAMGO n.t. n.t. n.t. n.t. 242 7943
Morphine n.t. n.t. n.t. n.t. 224912 7712
Oxycodone n.t. n.t. n.t. n.t. 10312 3243
Fentanyl n.t. n.t. n.t. n.t. 2587+2 62+3
1+2* 88+4*

Deltorphin I n.t. n.t. 5312 7212 n.t. n.t
DPDPE n.t. n.t. 2152 8312 n.t. n.t.
SNC80 n.t. n.t. 24612 88+3 n.t. n.t.
U69,593 11042 7242 n.t. n.t. n.t. n.t.

Displacement binding assays were carried out with membranes (100 pg) from pLight, SLight or kLight cells, [3H] diprenorphine (3nM final concentration) and different ligands (O- 10 uM final
concentration) as described in Methods. Data are Mean+SE of 3 experiments in triplicate. Binding in the absence of cold ligand was taken as 100% bound. Binding in the presence of 10 uM
ligand was taken as non-specific binding. % Specific binding at 10uM = Total binding - non-specific binding. n.t.= not tested. * Displacement binding assays were carried out with CHO-MOR
membranes (100 ug).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  We have provided a code availability statement. Fiber photometry data collected by Doric Neuroscience Studio V5.4.1.12, Fear behaviors are
controlled by Video Freeze V3.0.0.0, Microconfocal HEK cell imaging data was collected by MetaXpress V6.6.3.55, two-photon data was
collected by Scanlmage 5 run by Matlab R2013b.

Data analysis GraphPad Prism 9, Matlab R2022a, and Jupyter Notebook 6.4.6, Imagel) Version:2.1.0/1.53c. Microsoft Excel 16.72, Illustrator 2024. All
custom MATLAB codes are available from https://github.com/lintianlab/OpioidSensors/tree/main/1-Codes.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The following public dataset were used to support this study: Allen Brain Atlas ISH data (https://mouse.brain-map.org). All source data present in this manuscript
are available from https://github.com/lintianlab/OpioidSensors/tree/main/0-SourceData.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.
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Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. However, sample sizes are consistent with those reported in previous
publications (35,54-60).

Data exclusions  No data were excluded from this study

Replication Each and every experiment was performed with at least n = 3 biological independent cultures or animal subjects. Sample size for each
experiment is indicated in the figure legends. All attempts were successful.

Randomization  Animals and cultures were randomly assigned for transduction and transfection with the different constructs described in the manuscript.
Drug testing on stable cell lines are randomly chosen wells on imaging plates to ensure each biological replicates have no plate location
influence on results.

Blinding Drug screening experiments are done with two person. One prepare the compound treatment plates, and the other do the imaging blindly.

Data analysis were done with matlab script to analyze uniformly for data generation. In vivo experiments are done blindly without knowing
which animal is expressing which construct until the data is analyzed.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

[ ] Antibodies [ ] chip-seq

Eukaryotic cell lines [ ] Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
[] Clinical data

[ ] Dual use research of concern

[] Plants
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Eukaryotic cell lines
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Cell line source(s) HEK293T (ATCC, CRL-3126, https://www.atcc.org/products/crl-3216). Three sensor expressing stable cell lines are generated
based on HEK293T cells from this study.

Authentication These cell lines were not authenticated
Mycoplasma contamination These cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in the study
(See ICLAC register)

Animals and other research organisms

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

Laboratory animals C57/B6J mice (postnatal day 0-3, 8-10 weeks, or 12-16 weeks) were used in this study as described in the manuscript. Adult (25-35
g), 12-16 week old KOR-Cre mice were used for optostimulation experiments. Animals are housed in ventilated home cages with at
most five mice per cage. Animals are housed in vivarium with 12 hour light and 12 hour dark standard light cycle, with temperature
of 68 — 79 °F and humidity 30 - 70%.

Wild animals We did not use wild animals.
Reporting on sex Both male and female mice were used in this study.
Field-collected samples  We did not use field-collected samples.

Ethics oversight All housing and experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of California, Davis, the University of California San Diego, the University of Washington, the University of
lowa Cold Spring Harbor Laboratory, the National Institute of Mental Health, or Icahn School of Medicine, and adhered to principles
described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The University of California, Davis,
the University of California San Diego, the University of Washington, the University of lowa, Cold Spring Harbor Laboratory, the
National Institute of Mental Health, and Icahn School of Medicine are accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International (AAALAC).

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