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A recent advance in the measurement of neuromodulators 
was the development of optical sensors such as dLight1 and 
GRABDA, which are intensity-based, genetically encoded 

indicators for dopamine (DA) and have high molecular specific-
ity1,2. These sensors bridge the temporal scales of microdialysis and 
voltammetry by permitting prolonged detection of behaviorally 
relevant DA fluctuations with high spatial and temporal resolution. 
Dissemination of, for example, dLight1 has already facilitated dis-
coveries about behavioral conditions and neural mechanisms con-
trolling DA release3,4.

Our understanding of how neuromodulators are regulated, and 
how they influence neural circuits, could be enhanced by com-
bining these sensors with optical measurements of other circuit 
components. Multiplexed imaging became possible with the intro-
duction of red-shifted genetically encoded calcium indicators5, 
which have increasingly been optimized for improved sensitivity 
and brightness6. Non-genetically encoded red-shifted probes for DA 
imaging based on single-walled carbon nanotubes have been devel-
oped, yet their application is currently limited to cultured cells or  
brain slices7,8.

Here, we expand the color spectrum of dLight1 to introduce both 
yellow- and red-sensor variants (termed YdLight1.1 and RdLight1, 
respectively). In HEK293 cells, we establish an in vitro assay for 
optical dissection of drug efficacy at two distinct DA-receptor 
subtypes using RdLight1 and dLight1.5. In striatal slices, we char-
acterize the sensitivity and kinetics of RdLight1 in response to 
endogenous DA release triggered by electrical stimuli. Finally, we 
demonstrate multicolor photometry through a single optic fiber 

in the nucleus accumbens (NAc) of awake behaving rats, compare 
DA release to postsynaptic neuronal activity in cells with DA D1 
receptors and compare DA and glutamate dynamics in response to 
reward-predictive cues (Extended Data Fig. 1).

Results
Sensor engineering. To obtain a yellow-shifted DA sen-
sor, named YdLight1, we introduced two point mutations in 
dLight1.3b (V284Y/S397A, corresponding to V203Y/S72A 
mutations in enhanced GFP (eGFP)) that have previously been 
shown to yellow-shift the excitation and emission properties of 
eGFP9–11 (Fig. 1a and Extended Data Fig. 2a). When expressed 
in HEK cells, YdLight1 showed a ~12-nm right-shift in the emis-
sion peak (525 nm) compared with its parent sensor (Fig. 1b), 
while maintaining membrane expression and a strong positive 
response to bath-applied DA (averaged fluorescence fold-change, 
ΔF/F = 306 ± 14% (mean ± s.e.m.); Fig. 1c,d). To generate a red 
DA sensor, we replaced circularly permuted GFP in dLight1.3b 
with cpmApple and its flanking linker sequences, derived from 
jRGECO1a (Fig. 1a)6. Though it was well expressed on the mem-
brane, the initial variant (LSSPV-cpmApple-DQDDL) showed no 
response to DA (Extended Data Fig. 2b). To improve DA sensitiv-
ity, we generated a linker library flanking both sides of cpmAp-
ple. Of a total of 264 variants screened, we identified a variant 
with a strong positive fluorescence response to bath-applied DA 
(Extended Data Fig. 2c). We then mutated residue F129, which 
we had previously discovered as a site capable of tuning the fluo-
rescence responses of dLight1 (ref. 1), to a selected set of amino 
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Fig. 1 | engineering and characterization of red-shifted dLight1 variants. a, Simulated structure of yellow and red DA sensors. b, Emission spectra of 
dLight1.3b, YdLight1 and RdLight1. The fluorescence emission was measured in HEK293 cells before (dotted lines) and after (continuous lines) addition 
of 100 μM DA to the medium. c, In vitro characterization of dLight1.3b spectral variants. Representative images showing expression and fluorescence 
response of YdLight1 and of RdLight1 in HEK293 cells and dissociated hippocampal neurons. SNR heatmaps were calculated on the basis of the response 
to 100 μM DA. n = 3 cells from 3 separate experiments. Scale bars, 10 μm. d, In situ titration of DA on HEK293 cells. Apparent affinity values (apparent 
Kd) are defined as the concentration of the ligand producing 50% of maximal fluorescence changes (max ∆F/F). YdLight1, apparent Kd = 1.63 ± 0.26 μM 
(n = 9 cells); RdLight1, apparent Kd = 859 ± 7 nM (n = 26 cells) in HEK293 cells and 229 ± 2 nM (n = 15 cells) in neurons. Data are shown as mean ± 
s.e.m. e,f, Multiplex imaging of drug efficacy at distinct DA-receptor subtypes. e, representative images of HEK293 cells expressing either dLight1.5 
or RdLight1 and their average fluorescent responses to individual drugs. Scale bars, 10 μm. f, Fluorescence responses of both sensors in e during drug 
application are shown. Maximal fluorescent responses: green channel after quinpirole (10 μM) (ΔF/F = 155 ± 14%), red channel after A77636 (100 nM) 
(ΔF/F = 221 ± 19%), green channel after sulpiride (400 nM) (ΔF/F = 1 ± 3%), red channel after SCH-23390 (10 μM) (ΔF/F = 32 ± 17%). n = 6 cells from 
3 cultures. Data are shown as mean ± s.e.m. g, Multiplexed imaging in neuron–astrocyte coculture. Cells were transduced with AAV1.GFAP.nLight1.3 
and AAV.hSynapsin1.RdLight1 14 d prior to imaging for selective expression of nLight1.3 in astrocytes and RdLight1 in neurons. Representative images of 
sensor-expressing cells are shown. n = 3 cells from 3 separate experiments. Scale bar, 10 μm. h, Fluorescence responses of cells in g to bath-applied DA, 
NE, SCH-23390 (SCH) and ICI118551 (ICI) (1 µM of all drugs). n = 3 cells from 3 separate experiments. mean ± s.e.m.
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acids. The F129E variant showed excellent membrane expression 
and fluorescence response (ΔF/F = 248 ± 7%), and we thus named 
this variant RdLight1 (Extended Data Fig. 2d). The emission 
spectrum measured in HEK293 cells expressing RdLight1 peaks 
at ~588 nm, with minimal overlap with dLight1.3b (Fig. 1b). We 
tested the variant for photoactivation upon blue-light illumina-
tion6 in HEK293 cells, and found that continuous or burst illu-
mination at 488 nm elicited a negligible increase of fluorescence 
intensity compared with that of DA-induced fluorescence changes 
(Extended Data Fig. 3).

Intrinsic properties of RdLight1. In situ titrations of DA onto 
YdLight1- and RdLight1-expressing HEK cells or dissociated hip-
pocampal neurons revealed apparent affinities of the sensors in the 
physiological range (Fig. 1c,d). RdLight1 is ~350 and ~60 times 
more sensitive to DA than to norepinephrine (NE) in neurons and 
HEK293 cells, respectively; the maximal response of RdLight1 to 
NE at 100 μM and above was substantially lower than that to DA 
(Extended Data Fig. 4a,b). We observed negligible responses to all 
other tested neurotransmitters (acetylcholine, glutamate, serotonin, 
histamine), except for epinephrine at high concentrations (≥10 μM) 
(Extended Data Fig. 4c).

RdLight1 is effectively inert with respect to engagement of endog-
enous G-protein- or β-arrestin-mediated signaling mechanisms. In 
HEK293 cells expressing wild-type D1 receptors, application of the 
D1 agonist SKF81297 markedly increased cAMP production, indic-
ative of receptor signaling by coupling to stimulatory G proteins 
(Extended Data Fig. 5a). In contrast, in cells expressing RdLight1, 
D1 agonist produced no increase above the baseline level observed 
in GFP-expressing negative control cells (Extended Data Fig. 5a). 
RdLight1 also does not block G-protein signaling, because it had 
no detectable effect on the cAMP response measured in U2OS 
cells that express D1 endogenously1 (Extended Data Fig. 5b), and 
it did not produce any detectable effect on the cAMP response 
mediated by endogenous D1 in cultured striatal neurons, which 
express endogenous D1 in ~50% of cells12 (Extended Data Fig. 5c). 
We next confirmed that RdLight1 does not engage β-arrestins. 
Using live-cell total internal reflection fluorescence microscopy to 
measure agonist-induced receptor internalization, an indicator of 
receptor binding to endogenous β-arrestins13, Flag-tagged RdLight1 
remained in the plasma membrane whereas Flag-tagged D1 rap-
idly internalized (Extended Data Fig. 5d,e). We independently 
verified the lack of β-arrestin engagement with RdLight1 by mea-
suring surface recruitment of GFP-tagged β-arrestin-2, which is a 
highly sensitive assay capable of detecting even weak or transient 
G-protein-coupled receptor (GPCR) interactions with β-arrestin13. 
Whereas D1 robustly mediated agonist-dependent recruitment of 
β-arrestin into puncta at the plasma membrane, RdLight1 did not 
(Extended Data Fig. 5f–i).

Dual-color imaging in cells. A major advantage enabled by 
red-shifted probes is their combination with GFP-based reporters 
in multiplexed imaging experiments5. We leveraged this to dis-
tinguish spectrally orthogonal probes pharmacologically. As the 
GFP-based dLight1.5 is a DRD2-based DA sensor, and is spectrally 
distinct from the D1-based RdLight1 (Extended Data Fig. 6a), we 
examined the feasibility of simultaneously monitoring responses to 
subtype-selective drugs. We combined two populations of HEK cells 
expressing dLight1.5 or RdLight1, which was followed by dual-color 
confocal imaging. Bath application of a selective D2 agonist (quin-
pirole) led to a green-fluorescence increase of dLight1.5, but failed 
to elicit any response from RdLight1 (Fig. 1e,f). Subsequent applica-
tion of a selective D1 agonist (A77636) led to a fluorescence increase 
of RdLight1, but not of dLight1.5. In fact, A77636 slightly decreased 
dLight1.5 fluorescence in the combined presence of quinpirole 
(Fig. 1e,f), an observation consistent with A77636 having weak 

partial agonist activity at D2 receptors14. Concentration–response 
curves of each agonist emphasized the high degree of pharmaco-
logical selectivity that can be achieved using this multiplex detec-
tion strategy (Extended Data Fig. 6b,c). Furthermore, application of 
subtype-selective antagonists brought the green (sulpiride) or red 
(SCH-23390) fluorescence from the peak to the baseline (Fig. 1e,f 
and Supplementary Movie 1).

As RdLight1 selectively responds to DA in neurons, we next 
tested whether combining RdLight1 with a β2-adrenergic recep-
tor (β2AR)-based NE sensor (nLight1.3)15 would allow these two 
catecholamines to be optically dissected from each other with 
high molecular specificity. We used a neuron–astrocyte coculture 
system to selectively infect neurons and astrocytes with RdLight1 
(AAV9.hSynapsin1.RdLight1) and nLight1.3 (AAV1.GFAP.
nLight1.3), respectively, using tissue-specific promoters to maxi-
mize expression of both sensors (Fig. 1g). We chose to separate 
expression of the sensors in different cell populations to avoid possi-
ble interference or interaction between sensors (Extended Data Fig. 
6d–f). We then performed time-lapse, dual-color imaging during 
sequential bath application of 1 µM DA, 1 µM NE, the D1 antagonist 
SCH-23390 (for RdLight1) and the β2AR antagonist ICI118551 (for 
nLight1.3). We observed cell-type-specific responses to application 
of each catecholamine, and reversal by receptor-specific antagonists 
(Fig. 1h and Supplementary Movie 2).

Simultaneous imaging of DA and glutamate or intracellular 
calcium transients ex vivo. We next examined the sensitivity of 
RdLight1 to endogenous DA release using two-photon imaging in 
striatal slices (Fig. 2a). We infected the dorsal striatum of young mice 
(8–12 weeks old) with AAV9.hSynapsin1.RdLight1 and allowed 2–4 
weeks for expression before acute slice preparation. Upon applica-
tion of a brief electrical stimulus (0.5 ms), frame scans at high fre-
quency (198 Hz) revealed a rapid fluorescent response with kinetics 
similar to those previously described for dLight1 (Fig. 2b). RdLight1 
robustly reported DA release triggered by electrical stimuli, which 
we repeated over the course of continuous two-photon imaging, 
though the baseline fluorescence declined about 17% at the end 
of the imaging session (Extended Data Fig. 7). When we applied 
a selective DA-reuptake blocker (1 μM GBR12909) to the slice, the 
decay time of the electrically evoked DA transient was significantly 
increased (*P = 0.009, paired t-test (two-sided)), whereas applica-
tion of a D1-selective antagonist (10 μM SKF83566) completely 
blocked the response (Fig. 2c,d).

A palette of neurotransmitter sensors offers the potential for 
monitoring multiple transmitters simultaneously at the same loca-
tion. As the striatum receives both dopaminergic and glutama-
tergic inputs, we next tested whether we could separately image 
evoked DA and glutamate transients. We coinjected RdLight1 
with the glutamate sensor iGluSnFR16 (AAV5.hSynapsin1.iGluS-
nFR). We observed a diffuse expression pattern in both green and 
red channels, which is consistent with the expression pattern of 
membrane-localized sensors1,16,17 (Fig. 2e). In response to a single 
pulse of electrical stimulation, two-photon frame scans revealed 
fluorescence changes in both green and red channels, with dis-
tinct peak amplitudes and decay kinetics (Fig. 2f). To further con-
firm molecular specificity, we applied the excitatory amino acid 
transporter-2 (EAAT-2) selective blocker (WAY213613, 20 μM), 
which selectively increased the decay time of the iGluSnFR response 
(*P = 0.005, paired t-test (two-sided)), but not its peak amplitude 
(P = 0.798, paired t-test (two-sided)) (Fig. 2f,g). We did not observe 
significant changes in either the decay time (P = 0.123 paired t-test 
(two-sided)), or the amplitude (P = 0.093, paired t-test (two-sided)) 
of the simultaneously recorded response of RdLight1 with the addi-
tion of WAY213613 (Fig. 2f,g, P > 0.05).

As a final ex vivo experiment, we tested whether multiplexed 
imaging can simultaneously visualize both local DA transients 
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and neuronal activity. We coinjected RdLight1 with GCaMP6s18 
(AAV1.hSynapsin1.GCaMP6s) in the striatum. Two to three weeks 
later, the expression pattern of each sensor could be distinguished by 
two-photon imaging: GCaMP6s-labeled neuronal somata whereas 
RdLight1 outlined the membrane (Fig. 2h). A train of 20 pulses 
applied at 40 Hz triggered responses from both indicators, and the 
decay kinetics of calcium transients and DA release were clearly dis-
tinct (*P = 0.0002, paired t-test (two-sided)) (Fig. 2i,j). Therefore, 
multiplexed imaging of neurotransmitters and cell-type-specific 
neural activity can be achieved by combining RdLight1 with other 
GFP-based sensors.

Multiplex measurements of DA release with cell-type-specific 
input and output activity in vivo. To assess the utility of RdLight1 
in vivo, we first examined the response of RdLight1 to DA changes 
in the nucleus accumbens (NAc) triggered by optical stimulation 
of midbrain DA neurons in freely behaving rats. In TH-Cre rats19, 
we infected the ventral tegmental area (VTA) with AAV.EF1a.
FLEX.ChR2.EYFP4,20 and the NAc with AAV9.CAG.RdLight1  
(Fig. 3a and Extended Data Fig. 8). Using chronically implanted 
optical fibers, we monitored the RdLight1 photometry signal in the 
NAc while delivering laser pulses in the VTA to evoke DA release 
(Fig. 3b)21. RdLight1 showed clear, frequency-dependent DA 
increases in response to optical stimulation, with individual peaks 
of pulse-evoked DA transients visible at up to 8 Hz (Fig. 3b).

We next performed simultaneous measurements of presynaptic 
activity in DA terminals (using GCaMP6f) and the resulting DA 
release. In TH-Cre rats, we infected the VTA with Cre-dependent, 
axon-targeted GCaMP6f (AAV1.hSynapsin1.FLEX.axonGCaMP6f 
(ref. 22)) and the NAc with RdLight1 (AAV9.CAG.RdLight1), then 
recorded dual-color photometry signals through a single optic 
fiber in the NAc (Fig. 3c–g and Extended Data Fig. 8). Rats were 
freely moving within an operant chamber, and uncued sugar-pellet 
rewards were delivered at random intervals (with an audible click 
of the food hopper). RdLight1 displayed minimal photobleaching 
over the long duration of these experiments (Fig. 3c) with consis-
tent signal changes to unpredicted rewards. Reward delivery evoked 
rapid increases in both GCaMP6f and RdLight1 signals, with a 
similar time course (Fig. 3d,e). The session-wide cross-correlation 
between presynaptic calcium and DA release was strong (peak 
cross-correlation = 0.86) (Fig. 3f,g) without appreciable lag, sug-
gesting high fidelity between pre- and postsynaptic measurements 
of DA release.

The nature of DA’s influence in the NAc is not fully understood, 
in part because distinct cell subpopulations express different DA 

receptors. We therefore tested whether Rdlight1 can simultaneously 
resolve DA fluctuations and the activity dynamics of genetically 
specified postsynaptic subpopulations in behaving animals. We 
took advantage of a recently developed CRISPR knock-in rat that 
expresses Cre recombinase in D1-receptor-expressing cells23, and 
injected into the NAc both RdLight1 (AAV9.CAG.RdLight1) and  
Cre-dependent GCaMP6f (AAV5.hSynapsin1.FLEX.GCaMP6f;  
Fig. 3h and Extended Data Fig. 8). Once again, unexpected rewards 
were followed by increases in both signals, but this time there was 
a clear difference in time course (Fig. 3i). Throughout the session, 
calcium in D1+ cells correlated with, but lagged behind, DA signals 
(Fig. 3j,k; peak cross-correlation = 0.54, at +372 ms).

Multiplexed measurement of DA and glutamate release in vivo. 
We next assessed our ability to study multiple, interacting neu-
rotransmitters through the same optic fiber in behaving animals. 
The NAc receives glutamatergic input from multiple sources, and 
NAc DA terminals can also corelease glutamate24, but the relative 
timing of DA and glutamate signals at fast timescales is unknown. 
In wild-type rats we coinjected RdLight1 (AAV9.CAG.RdLight1) 
and iGluSnFR (AAV1.hSynapsin1.iGluSnFR) into NAc, and chroni-
cally implanted an optic fiber (Fig. 4a and Extended Data Fig. 8). 
Aligned to an unpredicted reward cue, we again observed increased 
DA release (Fig. 4b, bottom); for glutamate, we instead observed 
a strong decline in signal after a brief delay (Fig. 4b, top). DA 
increases to the reward cue were attenuated when the reward cue 
was partly predicted by preceding cues, as previously reported for 
dLight1 signals1,4. Consistent with reward-prediction-error coding 
by DA25, these preceding cues themselves evoked DA release, in 
proportion to the likelihood of reward that they signaled (Fig. 4c,  
bottom). These cues also produced glutamate dips that scaled  
with DA increases (Fig. 4c, top). The correspondence between  
fast DA increases and slightly delayed and slower glutamate  
dips is consistent with a known mechanism of DA action at 
D2 receptors on presynaptic glutamate terminals to suppress  
release26, but to our knowledge has not been previously reported in 
behaving animals.

In separate animals, we performed two control experiments 
to exclude the possibility that decreases in iGluSnFR signals were 
the result of cross-talk caused by RdLight1 coexpression. First, we 
injected iGluSnFR alone (AAV1.hSynapsin1.iGluSnFR), and again 
observed a decrease in NAc iGluSnFR signal in response to unpre-
dicted reward cues (Extended Data Fig. 9a–c). Next, we coinjected 
RdLight1 (AAV9.CAG.RdLight1) and a mutated iGluSnFR with 
ablated glutamate binding (AAV1.hSynapsin1.iGluSnFR(mut)) 

Fig. 2 | Two-photon imaging of RdLight1 in acute brain slices. a, Schematic representation of viral injection in dorsal striatum of mice (left), and 
representative image of RdLight1 expression in the striatum from a SeeDB46 cleared brain slice (right, n = 2 mice). Scale bar, 1 mm. b, Single-trial 
fluorescence response (average in black) of RdLight1 to a single stimulus (4 V, 0.5 ms), acquired at 198 Hz. ΔF/F = 20.2 ± 1.8% across 7 trials in 3 mice, 
tauon = 14.1 ± 1.5 ms (rise time from application of stimulus to maximal ΔF/F) and tauoff = 0.398 ± 0.058 s (exponential decay time from maximal ΔF/F  
to baseline), mean ± s.e.m. The inset shows a zoomed-in view of the fluorescence peak. c, Single-trial fluorescence responses (average in black) of 
RdLight1 in response to a single stimulus (4 V, 0.5 ms) in the presence of GBR12909 (1 μM, tauoff = 3.580 ± 0.764 s) or SKF83566 (10 μM), acquired at 
30 Hz. n = 7 trials from 4 mice. d, Quantification ΔF/F and decay time in c. Peak fluorescence: no drug, 21.7 ± 2.8%; GBR12909, 22.2 ± 2.0%; P = 0.800, 
paired t-test (two-sided). Decay time: no drug, 0.560 ± 0.076 s; GBR12909, 3.580 ± 0.764 s; *P = 0.009, paired t-test (two-sided). n = 7 trials from  
4 mice, mean ± s.e.m. e, Representative histology images of iGluSnFR and RdLight1 expression (n = 2 mice). Scale bar, 0.5 mm or 20 μm. f, Fluorescence 
responses (average in black from 5 trials of 3 mice) of simultaneously recorded iGluSnFR and RdLight1 to electrical stimulation (5 pulses, 4 V, 0.2 ms at 
40 Hz) before and during application of WAY213613 (20 μM). RdLight1, ΔF/F = 19.4 ± 3.0%, tauoff = 0.611 ± 0.288 s; iGluSnFR, ΔF/Fmax = 63.3 ± 12.8%, 
tauoff = 0.100 ± 0.024 s. Images acquired at 30 Hz. g, Quantification of decay time and ΔF/F for the responses in f. For iGluSnFR, decay time in no drug: 
0.100 ± 0.024 s, with WAY213613: 0.792 ± 0.129 s, *P = 0.005, paired t-test (two-sided); peak fluorescence in no drug: 63.3 ± 12.8%, with WAY213613: 
66.3 ± 5.4%, P = 0.798, paired t-test (two-sided). For RdLight1, decay time in no drug: 0.611 ± 0.288 s, with WAY213613: 1.093 ± 0.409 s, P = 0.123, paired 
t-test (two-sided); peak fluorescence in no drug: 19.4 ± 3.0%, with WAY213613: 16.7 ± 3.5%, P = 0.093, paired t-test (two-sided). n = 5 trials from 3 mice,  
mean ± s.e.m. h, Representative histology images of RdLight1 and GCaMP6s expression (n = 2 mice). Scale bar, 0.5 mm or 20 μm. i, Representative 
single-trial fluorescence responses (average in black, from 17 trials of 10 mice) of simultaneously recorded GCaMP6s and RdLight1 in response to electrical 
stimulation (20 pulses, 4 V, 0.2 ms at 40 Hz). Images acquired at 30 Hz. j, Quantification of decay time response in i. GCaMP6s: 1.202 ± 0.061 s; RdLight1: 
0.778 ± 0.055 s. *P = 0.0002, paired t-test (two-sided). n = 17 trials from 10 mice, mean ± s.e.m.
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in the NAc. This time, we again observed a robust increase in the 
RdLight1 signal, but no apparent increase in fluorescence intensity 
in the iGluSnFR(mut) signal (Extended Data Fig. 9d–f).

To provide additional support for these observations, and to 
also begin distinguishing between distinct glutamate inputs to the 
NAc, we expressed axon-targeted GCaMP6f (AAV1.hSynapsin1.
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axonGCaMP6f) in the medial prefrontal cortex, and then car-
ried out simultaneous RdLight1 and GCaMP6f photometry in 
the NAc (Fig. 4d). We observed a very similar activity pattern 
in medial prefrontal cortex (mPFC) axons to the local glutamate 
dynamics described above (Fig. 4e,f), indicating that mPFC ter-
minals in the NAc are participating in the general suppression 
of glutamate transmission that accompanies DA release after 
reward-predictive events.

Finally, we compared the peak signal-to-noise ratio (SNR) of 
RdLight1 to unpredicted rewards with green dLight1.3b, which dis-
plays the highest dynamic range in the dLight1 family. We noticed 
that the SNR of RdLight1 was significantly higher than that of 
dLight1.3b (approximately twofold, P = 8 × 10−3, one-sided t-test; 
Extended Data Fig. 10a). In addition, in a motivated behavior that is 
sensitive to NAc DA27, the time taken to approach rewards did not 

differ between uninjected rats and those expressing either dLight1.1 
or RdLight1 in the NAc (Extended Data Fig. 10b), suggesting that 
overexpression of RdLight1 does not appreciably affect NAc func-
tion in vivo.

Discussion
As the toolbox of genetically encoded optical sensors continues 
to grow, combining these tools becomes an increasingly powerful 
approach for dissecting information processing within brain cir-
cuits. To date, the useful red-shifted sensors for in vivo imaging are 
jRGECO and jRCaMP, which severely restricts the number of sig-
naling events that can be studied simultaneously. Here, we expanded 
the color spectrum of dLight1 by introducing two new spectral 
variants, the yellow YdLight1 and the red RdLight1. Though the  
utility of YdLight1 in multiplex imaging may be limited, it could 
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RdLight1 and GCaMP6f. Peak correlation = 0.54 at a lag of 372 ms (DA leading). Scale bar, 50 μm.

NATuRe MeThODS | www.nature.com/naturemethods

http://www.nature.com/naturemethods


ArticlesNAtuRE MEtHoDs

be combined with scanned line angular projection microscopy for 
ultrafast imaging of DA release28–30.

RdLight1 is a red genetically encoded membrane-integrated 
intensiometric sensor with a positive response and robust photo-
stability and SNR in vivo. While existing red calcium sensors can 
be easily used for imaging of local neuronal activity (at the level of 
neuronal somata), their susceptibility to photobleaching compared 

with green calcium sensors18,31 can present challenges under specific 
imaging conditions. For example, when distal-neural-projection 
activity needs to be measured together with local DA release, mul-
tiplexed use of RdLight1 with a green calcium probe (for example, 
GCaMP6f) is a valuable option. Furthermore, a red-shifted spec-
trum enhances SNR, which is likely due to lower autofluorescence 
and increased imaging depth (Extended Data Fig. 10a).
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How DA dynamics shape the activity of postsynaptic neurons 
is also a long-standing question32. Simultaneous monitoring of 
DA release (with RdLight) and calcium dynamics in D1+ neurons 
(with GCaMP6f) may spur broader application of multicolor 
photometry in behaving animals. In brain slices, DA increases 
excitability of D1+ striatal neurons33. Our working hypothesis is 
that the cue-evoked DA release makes D1+ neurons more respon-
sive to excitatory glutamatergic inputs—particularly from sources 
such as the medial frontal cortex34—and that these are ultimately 
responsible for driving the large increase in D1+ GCaMP signal 
we observed as the rats behaviorally responded to the reward 
cue. However, dual-color monitoring of RdLight1 and iGluSnFR 
revealed that reward-predictive cues provoke a marked decrease, 
rather than an increase, in glutamate release. We had expected 
to observe a fast glutamate increase, in part because such cues 
evoke rapid increases in spiking in many neurons within brain 
areas that provide glutamatergic inputs to NAc, including medial 
frontal cortex35 and basolateral amygdala36. For this and other 
reasons, models of DA–glutamate interactions typically assume 
that salient cues evoke a strong glutamate increase in NAc, that 
would spill out of synaptic clefts37. Given the very limited spatial 
resolution of fiber photometry, our observation of a cue-evoked 
decrease in bulk extracellular glutamate suggests that the specific 
NAc glutamate synapses involved in evoking motivated behavior 
are relatively sparse with little spillover. This is in marked con-
trast to volume-conducted DA signals38. The rapid, widespread 
DA increase would presumably act on D2 receptors over a large 
proportion of glutamatergic synapses to produce the (slightly 
delayed) glutamate decrease we observed. The lack of a rapid 
cue-evoked glutamate increase is also noteworthy since many 
DA cells coexpress glutamate as a neurotransmitter24. This may 
simply reflect our fiber placement in the NAc core rather than 
the medial NAc shell, which receives more joint DA and gluta-
mate input39. Additional possibilities worth exploring are that the 
neurons coexpressing DA and glutamate are preferentially unre-
sponsive to cues, or that glutamate is not released during burst 
firing of DA neurons. Regardless, the ability to monitor DA and 
glutamate dynamics simultaneously in real-time—rather than on 
the multiple-minutes time scale of microdialysis—will be useful 
for investigating the interactions between these neurotransmit-
ters, both in normal behaviors and in models of human disorders, 
including drug addiction40.

End users should first optimize the expression level of the sen-
sor to be matched with imaging conditions in order to maximize 
SNR. Virus-mediated gene-expression level varies depending on 
promoter, serotype and other conditions41. As dLight1-type sen-
sors are based on inert GPCRs, their high affinity to endogenous 
ligands may be a double-edged sword. While one can be confident 
that the affinity is within the physiological range, overexpression 
of the sensor may buffer DA availability at endogenous DA recep-
tors. In our specific experimental conditions, we demonstrated that 
dLight1-type sensors do not engage G-protein or beta-arrestin sig-
naling in vitro. In addition, overexpression of RdLight1 and dLight1 
does not appreciably affect NAc function in vivo. Neverthless, 
careful evaluation of the sensor’s effect on signaling cascades, cir-
cuit activity and behavior in other conditions and brain regions is 
needed for end users.

Since many new GPCR-based sensors are continuously being 
introduced, such as GRAB-DA, GRAB-NE and GACh2,42,43, 
RdLight1 opens doors to study neurotransmitter release and modu-
latory effects on neural circuits, and serves as an example for how 
to expand the color spectrum of GPCR-based sensors. Future 
engineering efforts are expected to improve sensor brightness and 
dynamic range (for example, to assist two-photon imaging) and to 
further stretch the color palette (for example, to far red)44,45, allow-
ing even more signals to be monitored simultaneously.
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Methods
Molecular cloning. The red DA sensor library was generated using circular 
polymerase extension cloning (CPEC)47. pCMV.dLight1.3b was used as 
the destination vector, while the red fluorescent protein insert, containing 
circularly permuted mApple and original linker sequences (Extended Data 
Fig. 1), was PCR-amplified from jRGECO1a. To generate sensor libraries, 
the two-amino-acid-long linker regions on each side of cpmApple were then 
mutagenized with primers containing random codon sequences. BamHI and 
HindIII sites were introduced via PCR for final subcloning onto pAAV.hSynapsin1 
and pAAV.CAG viral vectors. Single colonies were manually picked and grown 
overnight as described in ref. 48. All sensor sequences generated in this study are 
listed in the Supplementary Note.

Structural modeling and sequence alignments. Active conformations of 
the sensors were predicted with the rosetta_cm protocol of rosetta 3 (version 
2015.31)49. The primary sequences of YdLight1 and RdLight1 were threaded with 
partial thread routine onto template PDB structures of active β2AR50 (ID: 3P0G) 
and Ca2+-bound state of GCaMP351 (ID: 4IK3). The threaded structures were 
then hybridized together with the rosetta_cm protocol for membrane protein52. A 
total of 10,595 and 9,828 PDB structures were generated by rosetta_script routine 
for YdLight and RdLight1, respectively. Structures with lowest total scores were 
considered the final models.

Cell culture, imaging and quantification. HEK293T cells (ATCC no. 1573) and 
U2OS cells (ATCC no. HTB-96) were cultured and transfected as in ref. 1. Primary 
hippocampal and striatal neurons were freshly isolated and cultured as previously 
described53,54. Hippocampal neurons were virally transduced using AAVs (1 × 109 
viral genomes per ml) at DIV5 2 weeks prior to imaging. Striatal neurons were 
transfected via electroporation (Rat Neuron Nucleofector Kit; Lonza) per the 
manufacturer’s instructions. Immediately before imaging, cells were washed with 
HBSS (Life Technologies) supplemented with Ca2+ (2 mM) and Mg2+ (1 mM). 
Cell imaging was performed using a ×40 oil-based objective on an inverted 
Zeiss Observer LSN710 confocal microscope. The different color variants of the 
dopamine sensor were imaged using laser lines with the following wavelengths: 
488 nm (dLight1.3b), 514 nm (YdLight1), 561 nm (RdLight1). For testing sensor 
responses, all neurotransmitters and drugs were directly applied to the bath during 
the imaging session. The one-photon emission spectrum for the sensors was 
determined using the lambda-scan function of the confocal microscope and the 
following laser lines: 488 nm for dLight1.3b and YdLight1, 561 nm for RdLight1. 
Surface labeling using anti-Flag antibody was achieved as described previously55. 
For selection of regions of interest, masks were generated on individual cell 
membranes using the threshold function in Fiji (ImageJ). For titration curves, 
apparent Kd values were obtained by fitting the data with a one-site-specific 
binding function on GraphPad Prism 6. We calculated spatial movies and images 
of ΔF/F in response to an applied ligand as (𝐹(t) – 𝐹0) / 𝐹0, with 𝐹(t) being the 
pixel-wise fluorescence value at each time, t, and the mean fluorescence in time 
points prior to ligand application being 𝐹0. To avoid the possibility of infinite 
pixel values, we added a small offset to each pixel in 𝐹0. On the basis of the ΔF/F 
maps, we calculated a corresponding SNR map as Δ𝐹/𝐹 × √𝐹0. Heatmaps were 
generated using a custom-made MATLAB script.

When perfusion was performed, a ×20 objective was used. Imaging setting was 
kept constant across all the samples. Ligands (DA or NE) were diluted to 1 μM in 
HBSS with 2 mM CaCl2 and 1 mM MgCl2 (HBSSCaMg). Perfusion during imaging 
was done on RC-48LP low-profile open bath chambers (Warner Instruments); 
5 ml of HBSSCaMg was used to flow through before and after 5 ml 1 μM ligands in 
HBSSCaMg.

For FACS analysis, the cells were deattached and basal fluorescence intensity 
were measured on BD FACScan cytometer. Both populations of cells transfected 
with either RdLight1 or nLight1.3 were excited with a 488-nm laser; the green 
channel emission filter was a 530/30 bandpass filter, transfected with either 
RdLight1 or nLight1.3and red channel was a 585/42 bandpass filter. Data were 
analyzed with flowCore package in Bioconductor56.

Internalization assay with flow cytometry. At 24 h following transfection, cells 
were replated onto 6-well dishes. The following day, surface levels of receptors were 
assayed by addition of Alexa-647-conjugated M1 antibody (Sigma) for 45 min, as 
described previously55. Fluorescence-intensity profiles of cell populations (>5,000 
cells) were measured using a FACS-Calibur instrument (BD Biosciences). Each 
condition was performed in duplicate. Internalization was calculated by measuring 
the fraction of surface fluorescence remaining after 30 min of 1 μM SKF81297 
(Tocris) and divided by the non-treated condition.

Luminescence and fluorescence-based cAMP assays. Luminescence experiments 
were conducted as previously described55. Briefly, cells were transfected with the 
cyclic-permuted luciferase pGLOSensor-20F plasmid (Promega) 34 h before the 
experiment, and then were treated with luciferin (GoldBio) in phenol red and 
serum-free DMEM for 1 h in a 24-well dish. The indicated concentrations of 
SKF81297 (Tocris) were added, and luminescence values were measured at peak 
using a plate luminometer at 37 ˚C. Then, 10 μM forskolin (Sigma) was added and 

the peak luminescence value was measured to normalize the SKF81297 response 
across wells. Fluorescence measurements of cAMP accumulation in cultured 
striatal neurons were performed using a green genetically encoded cAMP sensor 
expressed by a CAG-promoter-driven baculovirus vector (Green Up cADDis, 
Montana Molecular)57, and coexpression of RdLight1 was achieved by coinfection 
with AAV. Cells were imaged using an inverted spinning disk confocal microscope 
and ×60 NA-1.4 oil-immersion objective. Laser illumination at 488 nm was used to 
excite the cAMP sensor, 561-nm illumination was used to excite intrinsic RdLight1 
fluorescence and 561-nm illumination was used to excite the Alexa-647-conjugated 
anti-Flag monoclonal antibody detecting surface expression of RdLight1. Kinetics 
of the cAMP response were determined by sequential imaging at 37 ˚C, with a 
SKF81297 bath applied at 1 µM, and with 10 µM forskolin added at the end of the 
acquisition series to normalize responses across neurons.

Total internal reflection fluorescence microscopy live imaging. Live-cell 
total internal reflection fluorescence microscopy was conducted with a Nikon 
Ti-E inverted microscope at 37 °C in a controlled humidity and CO2-controlled 
chamber, as described previously55. D1-specific agonist SKF81297 (Tocris) was 
added at 1 μM, while D1 antagonist SCH-23390 (Tocris) was added at 10 μM.

AAV viral production. All RdLight1 AAV constructs were cloned in the 
laboratory. RdLight1 and axon-GCaMP6f viruses were produced by the UC Davis 
Vision Center Vector Design and Packaging Core facility. The viral titers of the 
viruses used in this study were: AAV9.CAG.RdLight1, ~1 × 1012 genome counts 
(GC) ml–1; AAV9.hSynapsin1.RdLight1, ~1 × 1012 GC ml–1; AAV1.hSynapsin1.
GCaMP6s, ~ 1 × 1012 GC ml–1; AAV9.CAG.Flex.GCaMP6f, ~ 1 × 1012 GC 
ml–1; AAV5.hSynapsin1.iGluSnFR, ~2.9 × 1012 GC ml–1; AAV1.hSynapsin1.
axon-GCaMP6f, ~ 1 × 1012 GC ml–1.

Animals. Animal studies were conducted in compliance with the Guide for the 
Care and Use of Laboratory Animals of the National Institutes of Health and 
approved by the Institutional Animal Care and Use Committee (IACUC) at the 
University of California, Davis, or the relevant institutional regulatory body.

Viral injections. Injection procedures were essentially identical to those described 
in ref. 1, with a few exceptions. For DA, glutamate and calcium imaging in brain 
slices, male and female C57/Bl6 mice (8–12 weeks old) were used for intracerebral 
microinjections. Briefly, anesthetized mice were immobilized in a stereotaxic 
alignment system (Kopf Instruments). AAV9.hSynapsin1.RdLight1 alone or 
mixed at 1:1 ratio in combination with either AAV5.hSynapsin1.iGluSnFR or 
AAV9.hSynapsin1.GCaMP6s was injected undiluted at a total volume of 150 nl 
unilaterally into the dorsal striatum using the following coordinates from  
bregma (in mm): + 0.8 anteroposterior (AP) ± 1.5 mediolateral (ML), −3.2 
dorsoventral (DV).

Slice preparation and ex vivo two-photon imaging. At 2–4 weeks after viral 
injection, mice were anesthetized with 2.5% avertin and decapitated. The heads 
were placed in high-sucrose artificial cerebrospinal fluid (aCSF) that contained 
(in mM) 73 NaCl, 2.5 KCl, 2 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, 24 dextrose, 
0.5 CaCl2 and 75 sucrose, saturated with 95% O2 and 5% CO2. The brains were 
then removed from the skull and cut (400 μm) with a vibratome (V1200s, Leica) 
in ice-cold high-sucrose aCSF. Brain slices were incubated at 32 °C for 30 min in 
normal aCSF that contained (in mM) 128 NaCl, 2.5 KCl, 1 MgCl2, 1.25 NaH2PO4, 
25 NaHCO3, 10 dextrose and 2 CaCl2, 300 mOsm, saturated with 95% O2 and 5% 
CO2. After incubation, slices were placed in aCSF at room temperature for 30 min 
before imaging. Imaging was carried out in a two-photon microscope with a 
heated slice perfusion system, enabling recordings at 37 °C. Fluorescence of both 
green and red indicators was excited at 1020 nm with a Ti:sapphire laser (Ultra 
II, Coherent) that was focused by an Olympus ×40, 0.8-NA water immersion 
objective. Emitted light from the two indicators was separated using the following 
filter sets: 525/50 nm and 620/60 nm. Data were acquired and collected with 
ScanImage5 software. Electrical stimulation was performed by placing a metal 
bipolar electrode (PI2ST30.01A5, Microprobes for Life Science) within the slice 
approximately 50 μm away from the area of imaging. Different numbers of pulses 
of identical amplitude and duration (4 V, 0.5 ms each) were applied though a Grass 
SD9 stimulator. Triggers for imaging and electrical stimulation were controlled 
by Axon Digidata 1550B. Experiments were carried out with a scan rate of 198 
(64 × 64 pixels) or 30 (512 × 512 pixels) Hz. The fluorescence over the entire field 
(7.5 × 7.5 µm for 198 Hz, 60 × 60 µm for 30 Hz) was measured for each frame and 
plotted against time. Drugs were dissolved as a stock solution either in DMSO or 
in aCSF, and diluted at least 1:10,000 prior to application in the perfusion system. 
Image analysis was performed with ImageJ, and curve fits and data analyses were 
calculated using OriginPro 8.0 and SigmaPlot 12.0. Electric stimulation in different 
situations (without or with drug) was repeatedly applied 3 times (20-s interval) on 
each slice. Overall fluorescence of the whole frame was analyzed and averaged to 
improve SNR. Gray trials in Fig. 2 show the average results from all slices. Tauon 
was calculated by fitting the fluorescence rise with a linear regression, and Tauoff 
was calculated by fitting the fluorescence decay with a single exponential curve. 
The inset shows zoomed-in view of the fluorescence peak.
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Two-photon bleaching measurements. Two-photon bleaching measurements of 
RdLight were acquired from acute brain slices. Laser excitation was at 1020 nm 
and focused by an Olympus ×40, 0.8-NA water immersion objective. Emitted 
fluorescence photons were separated by a 620/60-nm filter. The scan area was 
60 μm × 60 μm, and the scan rate was 30 frames per s. Light intensity was kept at 
8.7 mW across measurements. Burst electrical stimulation was performed with a 
metal bipolar electrode (PI2ST30.01A5, Microprobes for Life Science) every 100 s. 
Amplitude of the pulses was 4 V, width was 0.3 ms and a total number of 40 pulses 
was applied at a frequency of 80 Hz.

Histology and confocal imaging. Mice were deeply anesthetized with 2.5% 
avertin and transcardially perfused with 10 ml 1× DPBS (Gibco), followed by 
50 ml 4% paraformaldehyde in DPBS. After perfusion, the brains were removed 
and postfixed overnight at 4°C. The brains were embedded in 5% sucrose in 
DPBS overnight at 4°C, and then embedded in 15% sucrose in DPBS for 48 h. 
Fixed brains were cut into 30-μm-thick coronal sections with a vibratome (Leica 
CM 3050 S). Sections were coverslipped with mounting medium (ProLong Glass 
Antifade Mountant, Thermo Fisher Scientific). Confocal images (LSM 710, Zeiss) 
were collected using a ×40, 1.3-NA oil objective. Emitted light was separated using 
the following filter sets: 488 nm and 561 nm. Data were acquired with Zen software 
and analyzed with ImageJ.

In vivo fiber photometry. We used a viral approach to express different 
genetically encoded indicators and actuators in the brain. We injected 1 μl of 
AAV1.hSynapsin1.FLEX.axon-GCaMP6f or AAV5.EF1a.FLEX.ChR2.eYFP slowly 
into the lateral VTA (AP: −5.7, ML: 0.9, DV: −7.5 mm) and AAV9.CAG.RdLight1 
or AAV9.hSynapsin1.iGluSnFR into the ventral striatum (AP: 1.7, ML: 1.7, DV: 
−7.0 mm). During the same surgery, a 400-µm core optical fiber was implanted 
200 µm above the injection site and anchored to skull using dental cement. For 
GCaMP6f, we used a 470 nm blue excitation LED (Thorlabs) and 405 nm violet 
for isosbestic control, modulated at different frequencies (211 Hz and 531 Hz). 
We used a 565-nm red-shifted LED to excite RdLight1 at 340 Hz frequency. All 
three excitation signals were passed through a six-port filter cube (Doric), and 
emission signals were amplified using a picowatt amplifier (Newport, model 2151) 
and saved on the disk using a Labview-based data-acquisition system. Output 
of the amplifiers were demodulated offline to separate the indicator and control 
responses.

All photometry recordings were done in operant training chambers (Med 
Associates; 25 cm × 30 cm), with five nosepoke ports and a food-retrieval cup 
with the houselight on. Rats were mildly food deprived (receiving 15 g of standard 
laboratory rat chow daily) and received between 5 and 8 training sessions before 
the experiment. Each session consisted of 60 trials each of unpredictable rewards; 
cues predicting reward with 75% probability; and cues predicting reward with 
25% probability, randomly interleaved, with random inter-trial intervals (15–30 s, 
uniform distribution). Cues were trains of auditory tone pips (2 KHz or 9 KHz, 
100 ms on, 50 ms off), associated with 75% or 25% chance of reward delivery 2.8 s 
after cue onset, as in ref. 4.

Statistics and reproductivity. All statistical analyses were performed in MATLAB 
(MathWorks R2017a), Igor Pro (WaveMetrics) or Prism (GraphPad). For determining 
statistical significance, we used either parametric (paired t-test, one-way analysis 
of variance) or non-parametric tests (Kolmogorov–Smirnov test). All tests were 
two-tailed. Error bars are s.e.m. or s.d., as indicated in the figure legends and 
main text. No statistical methods were used to predetermine sample size. When 
representative images and micrographs or single-trial fluorescence responses are 
shown, experiments were performed either at least three times or across many trials 
(trial numbers are stated in the figure legends), unless otherwise noted.

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

Data availability
All DNA plasmids and viruses used in this study have been deposited in NCBI 
(accession numbers MK751449 and MK751450) and ADDGENE, and can be 
obtained either from the Tian laboratory at UC Davis, Addgene or the Canadian 
neurophotonics platform viral (https://tools.neurophotonics.ca/) core under 
a material-transfer agreement. All source data present in this manuscript are 
available from https://github.com/lintianlab/RdLight1. Source data are provided 
with this paper.

Code availability
Custom MATLAB code is available via https://github.com/lintianlab/RdLight1.
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Extended Data Fig. 1 | Outline and summary of the experiments. Outline and summary.
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Extended Data Fig. 2 | Development of RdLight1. a, Fluorescence emission spectra of dLight1.3b variants carrying red-shifting mutations in their GFP 
component. Fluorescence emission was measured in the 450-650 nm wavelength range both in the absence of DA (dotted lines) and upon addition of 
100 μM DA to the medium (continuous lines). n = 4 cells from 3 cultures. b, Representative image showing membrane expression profile of the initial 
variant of the red dopamine sensor, carrying the original amino acid linkers from JRGECO1a. The experiments were repeated at least twice with similar 
results. c, linker screening results from a library of 264 variants in which the two aminoacid pairs flanking cpmApple were randomized (as shown in inset). 
Red and blue vertical bars indicate fluorescence changes (∆F/F) in response to 100 μM DA; significance values of ∆F/F are shown by colored bars and 
scale. n = 3 trials, two-tailed t test. d, optimization of the RdLight1 fluorescence response was achieved by selectively mutating residue F129 into a subset 
of amino acids. Fluorescence change (∆F/F) was measured in HEK293 cells in response to bath-applied 100 μM DA. n = 4 cells from 2 cultures. **p<0.01, 
****p<0.0001, two-tailed t test. The experiments were repeated at least twice with similar results. Data are shown as mean ± SEM.
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Extended Data Fig. 3 | Characterization of RdLight1 photoactivation by blue light. Confocal imaging of RdLight1 in transfected HEK293 cells. a, b, Frame 
scan imaging performed in the presence of both blue (488 nm) and green (561 nm) light after (a) or before (b) bath-application of DA. Blue light did not 
significantly increase the fluorescence response of RdLight1 to DA. Average ∆F/F=-0.006±0.003 (baseline), 0.53±0.03(DA), 0.69±0.06(DA+blue light, 
One-way Anova, ***P=0.0005, n.s P=0.1224, n=5 cells from two cultures (a). Average ∆F/=0.002±0.001 (baseline+blue light), 0.83±0.06(DA+blue 
light), 0.69±0.08(DA), One-way Anova, ***P=0.0007, n.s P=0.0678, n=5 cells from two cultures, mean±SEM (b). c, Representative line scan imaging  
at acquisition rate of 1000 Hz. Bursts of 488nm laser (150 ms duration at 1Hz) was applied followed by application of DA. Laser powers used were: 
24779.4 W/cm2 for 561nm laser, 16373.7 W/cm2 for 488nm laser. Experiments were performed six times with similar results.

NATuRe MeThODS | www.nature.com/naturemethods

http://www.nature.com/naturemethods


ArticlesNAtuRE MEtHoDs

Extended Data Fig. 4 | Molecular specificity of RdLight1. a, b, Titration curves are shown for the response to DA or NE both in HEK293 cells and in 
cultured neurons. Data points were fit with a one-site specific binding curve to obtain EC50 values. Data are shown as mean ± SEM. n = 7 cells from  
2 cultures for both HEK293 cells and neurons. The response of RdLight to NE at 1mM is significantly lower than that to DA (P=4.8x10 -8, paired t-test 
(two sided). c, The specificity of RdLight1 was tested by performing titrations of a panel of different neurotransmitters on the sensor expressed in HEK293 
cells. Quantification of responses to each concentration of ligand are shown as mean ± SEM. n = 12 cells from 2 cultures. Neurotransmitters tested were: 
norepinephrine (NE), epinephrine (EPI), acetylcholine (ACH), glutamate (GLU), histamine (HIS), serotonin (5HT). The experiments were repeated at least 
twice with similar results.
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Extended Data Fig. 5 | Cellular signaling characterization of RdLight1. a, cAMP response curve to a titration of the D1 agonist SKF81297 in HEK293 cells 
transfected with RdLight1 compared to human D1-dopamine receptor (DRD1, positive control) or enhanced green fluorescence protein (GFP, negative 
control). No significant cAMP response was produced by RdLight1 (n=3 independent experiments, **p=0.0033, ***p=0.00053, one-way ANOVA, 
Dunnett’s post-hoc test). b, cAMP response curves of a cell line endogenously expressing DRD1 (U2OS). Overexpression of RdLight1 did not alter the 
endogenous cAMP response to SKF81297 (n=3 independent experiments, p=0.944, two-way ANOVA). c, Expression of RdLight1 (red) in cultured 
primary striatal neurons did not affect cAMP responses to vehicle, SKF81297 or the adenylate cyclase activator Forskolin, compared to mock-transfected 
conditions (black), as measured by the green genetically encoded cAMP sensor cADDis (n=10 neurons from three cultures, P=0.744 (unpaired t-test, 
two-tailed). d, TIRF imaging of RdLight1 response (red) and of a static Alexa-647-conjugated anti-Flag antibody label to delineate sensor expression 
on cell surface (far-red channel). Quantification of RdLight1 response to a DRD1 agonist (SKF81297), which was immediately abolished by applying 
antagonist (SCH23390) (n=3 independent experiments). e, RdLight1 internalization is significantly reduced compared to wild type DRD1 as assayed 
via flow cytometry (% internalized receptor: RdLight1, 4.82 ± 6.42 %; DRD1, 31.9 ± 2.74 %, n=4 independent experiments, p=0.0006 (unpaired t-test, 
two-tailed). f, g, Representative TIRF microscopy images of HEK293 cells transfected with beta-arrestin-2 and DRD1 or RdLight1. DRD1 and RdLight1 were 
labeled with an Alexa-647 conjugated anti-flag antibody. Conditions before and after addition of DRD1 agonist SKF81297 are shown. Experiments were 
performed three times with similar results. h, i, Quantification of beta-arrestin-2 recruitment on the cell membrane from f, g. Under these conditions 
RdLight1 triggers significantly lower beta-arrestin-2 recruitment than DRD1. RdLight1, 6.8 ± 4.2 (n=8 cells); DRD1, 1.3 ± 0.5 (n=7 cells), P=0.0029 
(unpaired t-test, two-tailed). All values shown are mean±SD.
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Extended Data Fig. 6 | Multiplex imaging of drug selectivity at two dopamine receptor subtypes and characterization of RdLight1 and nLight1.3 
coexpression. a, Combined fluorescence emission spectra of DRD1-based (dLight1.5) and DRD1-based (RdLight1) sensors used for multiplex imaging 
experiments. Fluorescence emission was measured in the 450-700 nm wavelength range both in the absence of DA (dotted lines) and upon addition of 
100 μM DA to the medium (continuous lines). n = 4 cells from 3 cultures. b, c, Dose-response curves were obtained by performing multiplex imaging 
during titrations of the DRD1-selective agonist A77636 or the DRD2-selective agonist Quinpirole on a coculture of two HEK293 cell populations 
expressing either RdLight1 (red) or dLight1.5 (green). Maximal fluorescence responses at each applied concentration were quantified and plotted.  
n = 6 cells from 3 cultures. Data are shown as mean ± SEM. d–f, Characterization of RdLight1 and nLight1.3 coexpression. d, Flow cytometry analysis of 
cells transfected with RdLight1 (n=13928 cells), nLight1.3(n=25798 cells), or both (n=33049 cells) showed that co-transfection significantly increased 
both basal green and basal red-fluorescence. Violin plots show the distribution of the log value of fluorescence, on top of the boxplot of the same data. 
P=2.2X10-16 Two-sided Student’s t-test. e, f, In a perfusion experiment, confocal time-lapse imaging revealed that the response of nLight1.3 to NE when 
expressed alone (n=8) can be slightly decreased when cotransfected with RdLight1 (n=7 cells), which could possibly due to increased basal green 
fluorescence from RdLight1 co-transfection. A slight increase in the amplitude of response in RdLight1 was noticed when co-transfected (n=7 cells), but 
not significant. P=0.04 and 0.16, Two-sided Student’s t-test for the value when NE or DA applied. Traces were plotted as mean +/- sem, with center line as 
mean value and shade the s.e.m.
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Extended Data Fig. 7 | Photobleaching of RdLight1 under two-photon illumination. Two-photon bleaching measurements of RdLight were acquired from 
acute brain slices. Fluorescence of RdLight was excited at 1020 nm with a Ti: sapphire laser (Ultra II, Coherent) that was focused by an Olympus 40×, 
0.8NA water immersion objective. Emitted fluorescence photons were separated by a 620/60 nm filter. Scan area was 60 μm×60 μm, and the scan rate 
was 30 frames/s. Light intensity was kept at 8.7 mW across measurements. Burst electrical stimulation was performed with a metal bipolar electrode 
that has a tip spacing of 255 μm (PI2ST30.01A5, Microprobes for life science) every 100 s. Amplitude of the pulses was 4 V, width was 0.3 ms and a total 
number of 40 pulses was applied at a frequency of 80 Hz. As shown in the figure, photobleaching was continuously measured in a 1 h duration. Overall 
fluorescence in all the 3 tested slices declined about 17.2±3.1%, mean ± SEM. The experiments were repeated in 3 slices from two mice with similar 
results.
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Extended Data Fig. 8 | Injection coordinates for in vivo experiments. a, List of all in vivo experiments in which RdLight1 was expressed in NAc 
simultaneously with a green indicator. b, Representative stitched image for each experiment collected on an epifluorescence microscope using a 4x 
objective. All sections (except for the D1-Cre example) are collected in horizontal planes. The D1-Cre example is in the coronal plane. Each section 
shows the most ventral section with a fiber punch hole. Scale bar: 1 mm. c, Overlaid reconstruction map of the estimate location of recordings for each 
experiment. Histology results were not available for one subject in the TH-Cre experiment since the subject died prior to the end of the experiment. Brain 
atlas outlines in this figure were reproduced with permission from (Paxinos and Watson, 2005).
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Extended Data Fig. 9 | Additional control experiments for in vivo imaging with iGluSnFR. To further validate the dip observed in the glutamate signal in 
NAc following the reward click in Fig. 4, we performed two complementary experiments. a, Only iGluSnFR was expressed in NAc and imaged using a  
400 μm fiber during the pavlovian approach task. b, c, similar patterns to Fig. 4b,c, demonstrating a dip following the reward click was observed when only 
iGluSnFR was expressed and monitored. d–f, To control for pH changes or other artifacts, we expressed a variant of iGluSnFR (SF-iGluSnFR.R75A) with a 
mutation to the binding sites that destroyed glutamate binding, along with RdLight1. While similar to Fig 4b,c RdLight1 signal was preserved, the dip in the 
glutamate signal disappeared. Experiments for each panel were repeated independently for n=2 rats with similar results.
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Extended Data Fig. 10 | In vivo signal-to-noise ratio comparison between RdLight1 and dLight1.3b, and effect of dLight1.1 or RdLight1 expression 
in NAc on motivated approach behavior. a, Peak response to an unpredicted click signaling immediate reward delivery. Signals were collected using 
fiber photometry across n=6 rats with dLight1.3b expressed in NAc and n=7 rats with RdLight1 expressed in the same coordinates. RdLight1 signals 
demonstrated significantly higher signal-to-noise ratio (SNR). A one-sided t-test was used to assess statistical significance (p=8.04x10^-3). Box plot 
shows the mean and quartiles of the data with whiskers representing the range of observations. b, To investigate the effect of dopamine indicators on 
behavior, we compared two cohorts of rats expressing either dLight1.1 (n=8) or RdLight1 (n=6) in NAc to a control group (n=6) expressing neither. Similar 
to the experimental paradigm for the in vivo photometry experiments, rats are placed in an operant chamber with a speaker and a reward delivery port. An 
auditory click indicating an immediate delivery of a sucrose pellet is played at random intervals. Rats with either of the indicators expressed in NAc show 
no difference to the control group in their latency to approach and retrieve the reward following the click. A kolmogorov-smirnov test was used to compare 
the latency distributions.
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