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SUMMARY

Dopamine (DA) is a central monoamine neurotrans-
mitter involved in many physiological and patholog-
ical processes. A longstanding yet largely unmet
goal is to measure DA changes reliably and specif-
ically with high spatiotemporal precision, particularly
in animals executing complex behaviors. Here, we
report the development of genetically encoded
GPCR-activation-based-DA (GRABp,) sensors that
enable these measurements. In response to extracel-
lular DA, GRABpa sensors exhibit large fluorescence
increases (AF/Fy ~90%) with subcellular resolution,
subsecond kinetics, nanomolar to submicromolar
affinities, and excellent molecular specificity.
GRABpa sensors can resolve a single-electrical-
stimulus-evoked DA release in mouse brain slices
and detect endogenous DA release in living flies,
fish, and mice. In freely behaving mice, GRABpa
sensors readily report optogenetically elicited ni-
grostriatal DA release and depict dynamic mesoac-
cumbens DA signaling during Pavlovian conditioning
or during sexual behaviors. Thus, GRABp, sensors
enable spatiotemporally precise measurements of
DA dynamics in a variety of model organisms while
exhibiting complex behaviors.

INTRODUCTION

Dopamine (DA) is a crucial monoamine neurotransmitter across
many species. In the vertebrate central nervous system, DA reg-
ulates a wide range of complex processes, including reward
signaling (Schultz, 2016; Wise, 2004), reinforcement learning
(Holroyd and Coles, 2002), attention (Nieoullon, 2002), and motor
control (Graybiel et al., 1994). In the human brain, impaired DA
transmission is associated with neurological diseases, including
ADHD (Cook et al., 1995), schizophrenia (Howes and Kapur,
2009), and Parkinson’s disease (Lotharius and Brundin, 2002).
In addition, psychostimulants like cocaine act by altering extra-
cellular DA levels in the brain to exert addictive effects (Di Chiara
and Imperato, 1988).

Despite these important roles for DA, precise measurements
of the spatial and temporal patterns of DA release during com-
plex behaviors are lacking due in large part to the limitations of
existing methods for DA detection. Intracerebral microdialysis
has long been the gold standard for quantitative measurements
of extracellular DA concentration. However, its relatively slow
sampling rate (>1 min between sampling, typically ~10 min)
(Chefer et al., 2009) is not well suited to detect DA dynamic
changes during complex and rapidly evolving behaviors
(Tidey and Miczek, 1996). Fast-scan cyclic voltammetry (FSCV)
is an electrochemical method that can measure changes in
extracellular DA concentrations with 10 ms temporal resolution
and ~1 nM sensitivity (Robinson et al., 2008). However, FSCV
requires substrate oxidization for signal detection; therefore, it
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多巴胺（DA）是神经系统中关键的单胺类神经递质。在多种脊椎动物中枢神经系统中，DA广泛调节了许多复杂的生理功能，包括学习、奖赏、注意力和运动控制等。 在人类大脑中，DA传递受损与多种神经系统疾病有关，包括多动症、精神分裂症、帕金森氏病等。此外，可卡因等精神兴奋剂通过改变大脑中的细胞外DA水平来发挥成瘾作用。
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尽管DA具有这些重要作用，但是仍缺乏在复杂行为期间对DA释放的精确测量，这在很大程度上归因于现有DA检测方法的局限性。脑内微透析长期以来一直是细胞外DA浓度定量测量的金标准。然而，其相对较慢的采样率（两次采样之间间隔 > 1分钟，通常约为10分钟），制约了在复杂和快速演变的行为中检测DA动态变化。快速扫描循环伏安法（FSCV，Fast-scan cyclic voltammetry）是一种电化学方法，可以测量细胞外DA浓度的变化，具有10毫秒的时间分辨率和约1 nM的灵敏度。然而，FSCV需要基板氧化来进行信号检测；因此，这种方法不能有效区分DA与其他结构相似的神经递质，例如去甲肾上腺素（NE）。此外，微透析和FSCV法都需要将相对较大的探针（直径约70-300 mm）植入脑组织，这限制了实现精确测量内源性DA释放的能力。
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Figure 1. Design, Optimization, and Characterization of GRABp Sensors in HEK293T Cells and Cultured Neurons

(A) Schematic diagrams showing the strategy of insertion site and linker optimization.

(B) Optimization of the cpEGFP insertion site within the third intracellular loop (ICL3) of D,R and the linkers between D,R and cpEGFP. The fluorescence re-
sponses of variant-expressing cells in response to 100-uM DA application are shown. DA1m, with the highest AF/Fq, was selected for further optimization. Each
point represents the average of at least three to five cells.

(C) Affinity tuning. Either the T205M single mutation (generating DA1h) or the C118A/S193N double mutations (generating DA1m/h-mut) were introduced into
DA1m. The normalized dose-dependent fluorescence responses of various GRABpa-expressing cells in response to DA application are plotted. Each point
represents average of six wells containing 100-400 cells per well.

(D) Normalized fluorescence changes in DA1m (red)- and DA1h (blue)-expressing cells in response to the application of indicated compounds at 1 uM: DA, DA +
SCH, DA + Halo, DA + Etic, 5-HT, histamine (His), glutamate (Glu), gamma-aminobutyric acid (GABA), adenosine (Ado), acetylcholine (ACh), tyramine (Tyr),
octopamine (Oct), glycine (Gly), L-DOPA and NE (DA1m: n = 4 wells; DA1h: n = 3 wells; 200-400 cells per well; p > 0.05 for DA1m/h responses induced by DA
compared with DA+SCH; p < 0.001 for DA1m/h responses induced by DA compared with DA+Halo, DA+Etic, 5-HT, His, Glu, GABA, Ado, ACh, Tyr, Oct, Gly, and

(legend continued on next page)
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is not readily able to distinguish DA from other structurally similar
neurotransmitters, such as norepinephrine (NE) (Robinson et al.,
2003). Moreover, both microdialysis and FSCV require implanta-
tion of a relatively large probe (approximately 70-300 pum in
diameter) into brain tissue, which limits the ability to achieve
spatially precise measurements of endogenous DA release
(Jaquins-Gerstl and Michael, 2015).

In lieu of direct measurements, indirect methods, such as
measuring the activation of downstream targets of DA receptors,
have been used to approximate the dynamics of DA. Cell-based
DA reporters, such as CNiFERs (Muller et al., 2014), use trans-
planted HEK293 cells constitutively expressing DA receptors
together with an intracellular Ca?* indicator to couple extracel-
lular DA signals to fluorescence changes. Despite its high
sensitivity, this approach requires cell transplantation and only
reports the volume transmission of DA. The TANGO assay, as
well as next-generation versions (Barnea et al., 2008; Inagaki
et al., 2012; Kim et al., 2017; Lee et al., 2017), have been used
to measure endogenous DA release by coupling the B-arrestin
signaling pathway to the expression of reporter genes. Although
this approach enables cell-type-specific expression of DA re-
porters and is suitable for in vivo measurements, the long signal
amplification time (on the order of hours) precludes the ability to
monitor rapid, physiologically relevant dynamics of DA signaling.

Here, we report the development of genetically encoded
fluorescent sensors for direct, rapid, sensitive, and cell-type-
specific detection of extracellular DA. These sensors, which we
call GRABpa (G protein-coupled receptor [GPCR]-activation-
based DA) sensors, were engineered by coupling a conforma-
tionally sensitive circular-permutated EGFP (cpEGFP) to a
selected human DA receptor. Through iterative engineering
and optimization, we arrived at two GRABpa sensors: GRABpa1m
(abbreviated to DA1m), with medium apparent affinity to DA
(EC50~130 nM); and GRABpa1n (abbreviated to DA1h), with
high apparent affinity to DA (ECso~10 nM). These two sensors
enable real-time detection of endogenous DA in acute brain sli-
ces of mice and in the intact brains of versatile animal models
including flies, fish, and mice.

RESULTS

Development and Characterization of GRABp, Sensors
in HEK293T Cells and Cultured Neurons

To develop a genetically encoded sensor for DA, we started with
natural DA receptors as the sensing module and coupled a
CpEGFP as a fluorescent light output module. We hypothesized
that upon DA binding, the conformational changes in the
receptor could alter the arrangement of the associated cpEGFP,

resulting in a DA-dependent change in fluorescence. Indeed, a
similar strategy was recently applied in creating the genetically
encoded acetylcholine sensor GACh (Jing et al., 2018).

We used a three-step approach to engineer GRABp, sensors
(Figure 1A). First, a cpEGFP was inserted into the third intracel-
lular loop (ICL3) of each human DA receptor subtype (DR).
Based on preliminary results, we subsequently focused on the
D,R-cpEGFP chimera due to its superior membrane trafficking
and high affinity for DA (Beaulieu and Gainetdinov, 2011; Missale
et al., 1998) (Figure S1A). Second, the position of the cpEGFP
insertion and the linker residues were systematically screened
(Figures 1A and 1B). Finally, mutations were introduced to
expand the response range (Figure 1C). After screening, we
chose two variants, DA1Tm and DA1h, for further characteriza-
tion. Both sensors have ~90% maximal AF/Fy responses to
DA with ~70% brightness of EGFP (Figures 1E, 1F, and S1B)
but differ by an order of magnitude with respect to apparent af-
finity for DA (ECs0 130 nM for DA1m and 10 nM for DA1h) (Fig-
ure 1C). We also generated DA-insensitive control sensors
containing the mutations C118A and S193N in the DA-binding
pocket (Figures 1C and 1E-1H) that prevent the sensor from
DA binding.

We next expressed GRABpa sensors in HEK293T cells and
cultured neurons for further characterization. GRABpa sensors
trafficked efficiently to the plasma membrane (Figures 1E, 1G,
and S1), and fluorescent signals were clearly distinguishable in
subcellular compartments in neurons (Figures S1F and S1G).
Both DA1m and DA1h exhibited robust fluorescence increases
to DA, which could be blocked by co-application of Do-R antag-
onist haloperidol (Halo) (Sokoloff et al., 1990) (Figures 1F and
1H). Mutant sensors (DA1m/h-mut) did not show detectable
fluorescence increases to DA application (Figures 1E-1H).

GRABpa sensors exhibited photostability similar to or better
than EGFP or other cpEGFP-based sensors (Figure S1C). Using
a local perfusion system, both DA1Tm and DA1h showed rapid
fluorescence increases (on rate) to DA application (Figures S1D
and S1E; 60 + 10 ms for DA1m and 140 + 20 ms for DA1h).
The fluorescence decrease (off rate) in response to application
of the antagonist Halo is slower in DA1h (2.5 + 0.3 s) compared
with DA1m (0.7 = 0.06 s), consistent with the differences in
ECs. For the specificity, bath application of DA elicited robust
fluorescence increase in GRABpa sensors-expressing cells,
which were completely blocked by co-application of D.R
antagonists Halo or eticlopride (Etic), but not by the D4R antag-
onist SCH-23390 (SCH) (Figure 1D). In addition, application of
several other neurotransmitters did not elicit any detectable
fluorescence changes, except for NE, which drove modest
fluorescence increase (Figure 1D). Further characterization

L-DOPA; p = 0.004 for DA1m and p < 0.001 for DA1h, comparing responses induced by NE with L-Dopa). The insets show the normalized dose-dependent
responses of DATm- or DA1h-expressing cells to DA and NE application (n = 6 wells per group with 200-400 cells per well).

(E and F) Expression of GRABpa sensors in HEK293T cells. (E) Representative basal fluorescence intensity (without DA) and responses to 100 uM DA. (F)
Representative traces and group analysis of fluorescence changes in GRABpa-expressing cells in response to 100 pM DA followed by 10 uM Halo (DA1Tm: n=18
cells from 4 cultures [18/4]; DATm-mut: n = 15/3; DA1h: n = 14/3; DA1h-mut: n = 14/3; p < 0.001 between DA1m and DA1m-mut; p < 0.001 between DA1h and

DA1h-mut; p = 0.42 between DA1m and DA1h).

(G and H) Similar to (E) and (F) except that GRABpa sensors are expressed in cultured neurons (DA1m: n = 13/7; DA1Tm-mut: n = 14/5; DA1h: n = 16/4; DA1h-mut:
n =10/5; p < 0.001 between DA1Tm and DA1m-mut; p < 0.001 between DA1h and DA1h-mut; p = 0.88 between DA1m and DA1h).
Scale bars, 10 um (E) and 30 um (G). Values with error bars indicate mean + SEM. Students’ t test performed; n.s., not significant; **p < 0.01; **p < 0.001.

See also Figures S1 and S2.
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有别于直接测量，目前已经发展出使用间接方法（例如测量DA受体的下游靶标的激活）来近似测量DA的动态变化。基于细胞的DA报告基因，例如CNiFERs使用内源性表达DA受体的HEK293细胞和细胞内Ca2 +指示剂将细胞外DA信号强度与细胞的荧光变化偶联。尽管这种具有高灵敏度，但需要借助细胞移植的技术，并且仅能报告囊泡内DA的传递。 TANGO技术以及它的下一代改良技术通过偶联β-arrestin信号通路测量内源性DA释放。尽管该方法能够使细胞类型特异地测量DA报告基因并且适合于体内测量，但是长信号放大时间（大约数小时）无法动态快速地对DA信号传导进行实施测量。
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of the dose-dependent responses to DA and NE revealed a ~10-
fold lower EC5o to DA than NE (Figures 1D, insets, and S2A-
S2D). Thus, both DA1h and DA1m are selective for DA over NE
at physiological concentrations (DA: 10-100 nM; NE:
1-100 nM) (Bungay et al., 2003; Florin-Lechner et al., 1996; Pa-
cak et al., 1995; Schultz, 2007; Smith et al., 1992). Overall, both
sensors show rapid and sensitive responses to physiological
ranges of DA with little or no crosstalk to other neurotransmitters.

To test the coupling of GRABpa sensors to GPCR downstream
pathways, we examined the coupling efficacies of GRABpa sen-
sors to either G protein- or B-arrestin-dependent pathways
(Beaulieu and Gainetdinov, 2011). Application of DA largely
reduced the forskolin-induced cAMP increases in wild-type
(WT)-D,R-expressing cells, but not in DA1h-expressing cells
(Figure S2E). Furthermore, co-expression of pertussis toxin
(PTX) or GTPYyS treatment did not alter the ECsq to DA for
DA1m and DA1h sensors (Figures S2F and S2G), suggesting
the negligible coupling of GRABpa sensors to downstream G
protein signaling. Next, we measured DA-induced internalization
to indicate the coupling with B-arrestin pathway (Luttrell and
Lefkowitz, 2002). Compared with WT-D2R that underwent rapid
decrease of membrane fluorescence signals within 10 min,
GRABpa sensors showed stable membrane fluorescence sig-
nals throughout 2-hr DA exposure (Figures S2H and S2I). In
addition, DA1h-expressing cells showed less B-arrestin-depen-
dent reporter signal in the TANGO assay compared with
WT-D,R-expressing cells (Figure S2J). Collectively, these data
suggest that GRABps sensors do not engage the primary
signaling pathways downstream of D2R.

Imaging DA Dynamics in Acute Brain Slices

To monitor endogenous DA release by GRABp, sensors, we
virally expressed DA1m or DA1h by adeno-associated virus
(AAV) into nucleus accumbens (NAc) of mice and prepared acute

brain slices 2 weeks later. Strong fluorescence signals were de-
tected in sensor-expressing slices, but not in uninjected control
slices. Sensor fluorescence was in close proximity with tyrosine
hydroxylase (TH)-labeled dopaminergic fibers (Figures 2A and
S4A). Electrical stimulation of NAc core elicited transient fluores-
cence increases (Figures 2A-2E and S4B-S4D and Video S1).
The rising time constants of signals were fast (~0.1 s) for both
DA1m and DA1h (Figure 2F), whereas the decaying time constant
of DA1h (~17 s) was slower than DA1m (~3 s) (Figure 2F). Bath
application of Halo abolished the evoked responses (Figure 2G),
verifying the signal specificity. Responses to repeated stimula-
tion trains were stable over 30 min of recording (Figure 2H).

To test whether these sensors could sensitively report DA
release from single dopaminergic fibers, we conducted minimal
stimulation experiments (Balaji and Ryan, 2007; Allen and Ste-
vens, 1994). We prepared acute slices of NAc expressing
DA1h (Figure S3A) and gradually turned down the stimulation
strength until >50% of response failures occurred. We then
repeated 100 trials at this stimulus strength in normal artificial
cerebrospinal fluid (ACSF) followed by 100 trials in ACSF con-
taining 200 pM Cd?* (Mintz et al., 1995) (Figures 2I-2K and
S3B-S3E). Trials without simulation and stimulation trials in the
presence of Cd?* exhibited a single peak in the distribution of
responses at ~0% AF/Fq (Figures 2K, S3E, and S3F). In contrast,
responses in control ACSF showed a bimodal distribution, with
an additional peak shifted by ~3% AF/Fq (Figures 2J, S3B,
S3G, and S3H). This second peak represents the signal of DA
release from putative activation of single fibers.

Imaging DA Dynamics in Drosophila

To test the ability of GRABpa sensors to detect physiologically
relevant DA dynamics in living animals, we started with
Drosophila, because DA serves as a critical teaching signal in
olfactory-associative learning in the fly brain (Burke et al.,

Figure 2. Release of Endogenous DA Measured in Acute Mouse Brain Slices

(A) Left two panels: schematic of the experimental protocol for expressing GRABpa sensors and imaging DA dynamics in mouse brain slices containing NAc.
Right: the immunoreactive signals of GFP in NAc slices from either DA1m injected or non-injection control mice. Red squares in left panel indicate expanded
region in right panel. Scale bars, 100 um.

(B) Representative pseudocolor images of fluorescence responses in DA1m- or DA1h-expressing neurons following 20 Hz of electrical stimulation containing the
indicated pulse numbers. White circles represent the region of interest (ROI) selected for analysis. Scale bar, 100 um.

(C and D) Representative fluorescence responses of DA1Tm- and DA1h-expressing neurons following 20-Hz electrical stimuli containing the indicated pulse
numbers (C) or a 10-pulse-train electrical stimulation at the indicated frequencies (D). Each trace is the average of three trials in one slice.

(E) Group analysis of the fluorescence responses to electrical stimuli at different pulse numbers or frequencies (pulses: DA1m: n = 5 slices from 3 mice; DA1h:
n = 7 slices from 4 mice. Frequencies: DATm: n = 3 slices from 2 mice; DA1h: n = 8 slices from 4 mice).

(F) Representative traces (left) and group analysis (right) of the normalized fluorescence changes and kinetics in DA1Tm- and DA1h-expressing neurons to
10 electrical pulses delivered at 100 Hz. The rising (on) and decaying (off) phases are fitted and summarized on the right (DA1m: n = 3 slices from 2 mice; DA1h:
n = 5-8 slices from 3 mice).

(G) Representative traces (left and middle, with three individual trials and the averaged trials) and group analysis (right) of DA1m- and DA1h-expressing neurons to
20 electrical pulses at 20 Hz in control solution (ACSF) or solution containing 10 uM Halo (DA1m: n = 5 slices from 4 mice, p < 0.001 comparing ACSF with Halo;
DA1h: n = 6 slices from 4 mice, p < 0.001 comparing ACSF with Halo).

(H) The fluorescence changes in DA1m- and DA1h-expressing neurons to multiple trains of electrical stimuli with an interval of 5 min. The fluorescence changes
induced by the first train were used to normalize the data in each slice (DA1m: n = 3 slices from 2 mice; DA1h: n = 6 slices from 3 mice).

(I) Top: representative pseudocolor images of fluorescence responses during minimal stimulation (left, baseline; middle, success trial; right, failure trial). White
circles represent ROI with ~20-um diameter. Bottom: three exemplar trials for each condition, with the black ticks indicating the stimulation. The data were
processed with 3 binning. Scale bar, 10 pm.

(J) The distribution of peak AF/Fy of DATh-expressing neurons in 100 minimal-stimulation trials in ACSF.

(K) Comparison of the distribution of peak AF/Fg in 100 trials without stimulation in ACSF (gray) and with stimulation in ACSF containing Cd?* (light blue) from the
same slice.

Values with error bars or shaded areas indicate mean + SEM. Student’s t test performed; ***p < 0.001.

See also Figures S3 and S4 and Video S1.
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2012; Davis, 1993; Heisenberg, 2003; Liu et al., 2012; Schwaer-
zel et al., 20083). Transgenic UAS-DA1m flies were generated and
crossed with TH-GAL4 to express DA1m specifically in dopami-
nergic neurons (DANs) (Figure 3A). Under two-photon imaging,
the odor isoamyl acetate (IA) elicited time-locked fluorescence
increases in the mushroom body (MB), most prominently in the
B’ lobes (Video S2), and the odor-evoked responses were
blocked by Halo application. In contrast, no odor-evoked fluo-
rescence response was observed in flies expressing DA1m-
mut. When we expressed DA1m in Kenyon cells, which receive
direct input from DANs (Aso et al., 2014; Mao and Davis, 2009;
Tanaka et al., 2008), we observed odor-evoked responses in
WT flies, but not in TH-deficient flies that lack DA synthesis, vali-
dating the specificity of the signals (Figures 3B and 3C) (Ciche-
wicz et al., 2017).

To further characterize the sensitivity and kinetics of DATm
in vivo, we electrically stimulated MB DANs while imaging the
MB horizontal lobe (Figure 3D). We found that DA1m-expressing
DANSs, instead of DA1m-mut-expressing DANs, exhibited repro-
ducible fluorescence increases in response to electrical stimula-
tion, and single stimulus was sufficient to elicit a measurable
fluorescence increase (Figures 3E-3K and S4E-S4G). Response
kinetics were subsecond (Figure 3l), and responses were
completely blocked by the Halo application (Figures 3J, 3K,
and S4G).

Within the MB vy lobe of DA1m-expressing flies (Figure S5A),
we observed that odor selectively elicited responses in the y4
compartment (Figure S5Bi), while aversive electrical shock to
the abdomen evoked responses in the y2 and y3 compartments
(Figure S5Bii). As a control, exogenous DA application caused
overall fluorescence increases in y2-5 compartments (Fig-
ure S5Biii). These results provide direct evidence of compart-
mentalized DA dynamics during sensory processing in the MB
as postulated by indirect presynaptic Ca2* imaging of DAN
(Berry et al., 2012; Cohn et al., 2015).

To explore whether DA1m is sensitive and bright enough to
report DA signals perceived by a single neuron in vivo, we

adopted MB296B-GAL4 to express DA1m in one DAN per
hemisphere innervating MB y2 compartment (Aso et al., 2014;
Tanaka et al., 2008) (Figure S5C). A brief aversive electrical shock
to the fly’s abdomen elicited rapid, repeatable fluorescence rises
in the y2 compartment (Figures S5C-S5E), suggesting DATm’s
feasibility for single-cell imaging.

The DA transporter (DAT) is critical in regulating extracellular
DA levels and serves as a primary target for drugs of abuse,
including cocaine (Figure 3L) (Bainton et al., 2000; Ritz et al.,
1987). Indeed, cocaine application potentiated the odor-evoked
responses in MB B’ lobes of TH > DA1m flies and also prolonged
the decay of signals. Knocking down the expression of DAT
selectively in DANs phenocopied the effect of cocaine adminis-
tration (Figures 3M-30 and S4H). Taken together, these data
demonstrated that GRABpa sensors have sufficient sensitivity,
kinetics, and specificity to report in vivo DA dynamics with sub-
cellular spatial resolution and subsecond temporal resolution in
genetically defined neurons of living flies.

Finally, we examined whether the ectopic expression of DA1Tm
alters physiological properties of neurons. We observed no sig-
nificant difference of odor-evoked Ca®* signals in either DANs or
Kenyon cells between the flies with or without expression of
DA1m (Figures S5F-S5H), suggesting that expression of the
DA1m does not alter odor-evoked responses in neurons in the
fly brain.

Imaging DA Release in the Intact Zebrafish Brain

The larval zebrafish has an optically transparent brain and can
perform a wide range of behaviors, making them a powerful sys-
tem to explore the structure and function of the vertebrate brain
at cellular resolution. To test the feasibility of using GRABpa sen-
sors in zebrafish larvae, we generated the transgenic line in
which DA1Tm was expressed pan-neuronally throughout the
brain, while TRPV1-TagRFP was expressed specifically in
DANs to enable their chemogenetic activation by capsaicin (Fig-
ure 4A). Exogenous DA application caused a fluorescence
increase in DA1m-expressing neurons that was blocked by

Figure 3. In Vivo Imaging of DA Dynamics in the Drosophila Brain

(A) Schematic for odor stimulation during two-photon microscopy in Drosophila.

(B and C) Fluorescence changes of DA1m- or DA1m-mut-expressing flies to 1 s of odor stimulation. (B) Representative pseudocolor images, single-trial traces
(light), and averaged traces (bold) from one fly. (C) Group analysis of the odor-evoked fluorescence responses (TH > DA1m: n = 12 flies; TH > DATm-mut: n=5
flies; C305a > DATm WT flies: n = 6 flies; C305a > DA1m TH-deficient flies: n = 6 flies; p < 0.001 for TH > DA1m in saline compared with Halo; p < 0.001 for TH >
DA1m compared with TH > DATm-mut in saline; p = 0.002 for C305a > DA1m in WT flies compared with TH-deficient flies).

(D) Schematic depicting in vivo electrical stimulation in which an electrode was positioned near the DA1m-expressing DANs in order to evoke DA release.

(E) Top, representative pseudocolor images of TH > DA1m and TH > DATm-mut flies in response to multiple trains of electrical pulses. Bottom, single-trial traces
(light) and six-trial averaged traces (bold) from one fly with indicated genotypes. Each vertical tick indicates a 1-ms electrical pulse.

(F-I) Electrical stimulation of TH > DA1m flies. Representative traces (F), group analysis of integrated signal (G), signal-to-noise ratios (H, SNR), and kinetics of
responses to electrical pulses (I, n = 9 flies per group).

(J and K) Fluorescence changes in TH > DA1m and TH > DA1m-mut flies in response to 40 pulses of electrical stimuli (at 20 Hz) in normal saline or in saline
containing 10 uM Halo (TH > DA1m: n = 5 flies; TH > DATm-mut: n = 5 flies; p = 0.004 for responses of TH > DA1m in saline compared with Halo; p = 0.007 for
responses of TH > DA1m in saline compared with TH > DA1Tm-mut in saline). Representative traces (J) and group analysis (K).

(L—O) Fluorescence changes in TH > DA1m flies in response to 1 s of odor stimulation, in saline, saline containing 3 uM cocaine, or when the DAT expression in
DAN was impaired by DAT-RNA.I. (L) Schematic of the experimental design. (M) Representative traces fitted with a single-exponential function (red traces), with
the decay time constants shown. (N and O) The group analysis of integrals and the decay time constants (TH > DA1m: n = 10 flies; TH > DA1m, DAT-RNA:i:
n =11 flies; between control and cocaine groups, p = 0.002 for integrals and p = 0.025 for decay time constants; between control and DAT-RNAI groups, p < 0.001
for both integrals and decay time constants; between cocaine and DAT-RNAI groups, p = 0.095 for integrals and p = 0.053 for decay time constants).
Averaged traces shaded with + SEM are shown in (F), (J), and (M). Values with error bars indicate mean + SEM. Student’s t test performed; n.s., not significant;
*p < 0.05; **p < 0.01; ***p < 0.001. Scale bars in (B) and (E), 25 um.

See also Figures S4 and S5 and Video S2.
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Figure 4. Monitoring In Vivo DA Release in Transgenic Zebrafish

(A) Fluorescence images of a transgenic zebrafish larvae expressing DA1m (green) pan-neuronally and TRPV1-TagRFP (red) in DANs with expanded views of
DA1m-expressing neurons in indicated brain regions (left).

(B-D) DA1m-expressing neurons to 100 pM DA followed by 50 pM Halo (n = 6 fish; p = 0.002 between DA and DA+Halo). (B) Representative pseudocolor images.
(C) Traces. (D) Group analysis.

(E) Schematic of chemogenetic activation of TRPV1-expressing DANs by capsaicin. The fluorescence signals in the tectal neurons (within ROI) were analyzed.
(F-H) Fluorescence changes of DA1m-expressing neurons to five-trial capsaicin application in control solution (green) or solution containing 50 uM Halo (blue).
Representative traces encompassing 5 sequential stimulation trials and corresponding averaged traces from one fish are shown in (F) and (G). (H) Group analysis
(n = 5 fish; p = 0.006 between control and Halo).

() Schematic for visual stimulation in which red expanding dots were projected in front of the larva. The fluorescence responses in neuropil (1 and 2) and soma
(3 and 4) regions of the optic tectum were analyzed, respectively.

(J-L) Fluorescence changes of DA1m-expressing neurons from each region during visual stimulation in control solution (green) or solution containing 50 uM Halo
(blue). Vertical dashed red line, 3-s looming stimulation. Representative traces encompassing five sequential stimulation trials and the corresponding averaged
traces from one fish are shown in (J) and (K). Group analysis is shown in (L) (n = 30 trials from 3 fish for each condition; p < 0.001 in two panels).

Scale bars in (A) and (B), 50 um. Values with error bars indicate mean + SEM. Student’s t test performed; **p < 0.01; ***p < 0.001.
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Figure 5. Striatal DA Dynamics Measured in Freely Moving Mice during Optogenetic Stimulation of the SNc
(A) Schematic depicting the dual-color optical recordings of DA1Tm-/DA1h-mut- and tdTomato-expressing neurons in the dorsal striatum during simultaneous

optogenetic C1V1 stimulation of DANs in the SNc.
(legend continued on next page)
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co-application of the antagonist Halo (Figures 4B-4D). In the
tectal neuropil downstream of DANs, repeated application of
capsaicin caused a progressive fluorescence increase that
was also blocked by Halo (Figures 4E-4H). Presentation of a
threatening looming stimulus elicited time-locked fluorescence
increase specifically in the neuropil of tectal neurons, but not in
their cell bodies (Figures 41-4L). In summary, DA1m is well suited
to report in vivo DA dynamics in the brain of zebrafish larvae.

Combining Optogenetics with GRABp, to Measure the
Dynamics of DA in Freely Moving Mice

To test the ability of GRABpa sensors to report DA dynamics in
the mouse brain in vivo, we focused on DANs located in the
substantia nigra pars compacta (SNc) that project to the dorsal
striatum. We virally expressed DIO-C1V1 (Yizhar et al., 2011) in
the SNc DANs of TH-Cre mice to permit their optogenetic activa-
tion. Co-expression of DATm/DA1h-mut and tdTomato in the
dorsal striatum allowed simultaneous monitoring of DA release
and detection of movement-related artifacts (Figures 5A and
5B). In freely moving mice, the ratio of DA1m to tdTomato was
elevated upon the administration of methylphenidate, a known
DAT blocker (Volkow et al., 1999), and was suppressed by
subsequent administration of Etic, a D,R blocker (Figure 5C).
Transient fluctuations in the ratio are consistent with sponta-
neous DA release events during the animal movement (Balleine
et al., 2007; da Silva et al., 2018; Howe and Dombeck, 2016).
These transients were prolonged during methylphenidate
application, and their amplitudes were reduced by Etic adminis-
tration. In contrast, mice expressing the DA1h-mut did not show
observable fluorescence changes (Figure 5C). Optogenetic acti-
vation of DANs in the SNc¢ with C1V1 generated transient fluores-
cence increases in the dorsal striatum of DA1m-expressing
mice, but not DA1h-mut-expressing mice (Figure 5D), which
could also be prolonged by methylphenidate and abolished by
Etic (Figures 5D-5H).

Bi-directional Modulation of DA Dynamics in the NAc
during Pavlovian Conditioning

In addition to the nigrostriatal pathway, the dopaminergic projec-
tion from the ventral tegmental area (VTA) to the NAc regulates a
variety of important functions, including the reinforcement
learning (Daw and Tobler, 2013; Glimcher, 2011; Gonzales
et al., 2004). To test whether our sensors can detect behaviorally
relevant changes in endogenous DA release, we first expressed
DA1m or DA1h in the NAc of head-fixed, water-restricted mice

and trained them to associate a brief auditory cue with an
ensuing reward (a drop of water), or a punishment (a brief air
puff to the face) (Figure 6A). In every naive mouse, reward or
punishment delivery triggered respective increases or decreases
in the fluorescence signals in the NAc. Over the course of
training, mice selectively learned to associate the reward-
predictive cue with delivery of reward as the magnitude of the
reward-evoked response decreased, while a response of a
similar sign gradually developed to the reward-predictive cue
(Figures 6B-6H). In summary, both DA1Tm and DA1h sensors
have high signal-to-noise ratio and temporal resolution to report
the dynamic bi-directional changes in DA release over the course
of Pavlovian conditioning.

Monitoring DA Release in the NAc of Mice during Male
Mating Behaviors

In contrast to the well-established involvement of DA in Pavlovian
conditioning, DA dynamics during naturally rewarding social be-
haviors (Berridge and Robinson, 1998), such as courtship and
mating, remain largely a matter of debate. Here, we took advan-
tage of the high sensitivity and fast temporal resolution of DA1h
to better understand DA dynamics during sexual behaviors. To
confirm that DA1h can detect acute DA release in the NAc, we
virally expressed Cre-dependent Chrimson-tdTomato in the
DANSs in the VTA using DAT-ires-Cre mice. We observed that
optogenetic stimulation evoked time-locked fluorescence
increases of DA1h (Figures S6A-S6F). The DA1h signal peaked
at the end of the 0.5-s stimulation and sharply decreased to
pre-stimulation level by 2 s (Figures S6G and S6H).

During the behavioral test, a sexually receptive C57BL/6J
female was introduced into the home cage of the male mouse,
and the male quickly approached and investigated the female
and initiated mounting within the first minute (Figures 7A and
7B). While sniffing the female, the fluorescence of DA1h
measured in the male’s NAc increased slightly in some animals.
The fluorescence increases during mounting and intromission
were highly reliable across all animals. During ejaculation, the
fluorescence reached the largest response. Smaller but consis-
tent fluorescence increases were also observed during penile
grooming that typically occurred after intromission (Figures 7C
and 7D). The average fluorescence increases during all behav-
iors except sniffing the female is significantly higher than values
obtained from randomized controls (Figures 7E and 7F).
In animals that expressed DA1h-mut in the NAc, we observed
no significant increase of fluorescence during mounting,

(B) Representative frames of the emission spectra of DATm/DA1h-mut and tdTomato co-expressed in the dorsal striatum. Black traces show the measured
spectrum; the blue dashed traces show the fitting curves generated by a linear unmixing algorithm.

(C) Representative traces showing the ratio of DA1m (black) or DA1h-mut (gray) to tdTomato coefficients in a freely moving mouse (top panel) and enlarged traces
(bottom panel) in the baseline (left) 5 min after the intraperitoneal (i.p.) injection of methylphenidate (10 mg/kg, middle), and 5 min after the i.p. injection of Etic
(2 mg/kg, right). Black lines above indicate the time of compound administration. Yellow ticks indicate the time of optogenetic stimulation.

(D and G) Averaged fluorescence changes from DATm/DA1h-mut (green) expressed in the dorsal striatum during optogenetic stimulation of DANs in the SNc by
C1V1 under indicated conditions (n = 30 trials from 6 hemispheres of 3 mice for each condition). Baseline (left), after the i.p. injection of methylphenidate (middle),
and after the i.p. injection of Etic (right). The off kinetics were fitted with a single exponential function (black traces). AC/C,% represents the percent change of the
fluorescence coefficient of each fluorophore (see STAR Methods for details). Five data points (measured at0.12s,0.32 s,0.52 s, 0.72 s, and 0.92 s after the onset

of the stimulation pulse train) were excluded to remove the stimulation artifacts.

(E) Comparison of the decay time constants of C1V1-evoked DA1m fluorescence responses between baseline group and methylphenidate group.
(F and H) Comparison of the magnitude of C1V1-evoked DA1m/DA1h-mut fluorescence changes between different groups.
Values with error bars indicate mean + SEM. Student’s t test performed; n.s., not significant; ***p < 0.001.
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Figure 6. DA Release in NAc Measured
during Various Training Phases of an Audi-
tory Pavlovian Conditioning Task

(A) Schematic for fiber photometry recording of
GRABpa-expressing neurons from the NAc of a
head-fixed mouse during auditory Pavlovian con-
ditioning task.

(B) Exemplar trace of DA1h signals from a trained
mouse encompassing four sequential trials. The
timings of cues (CS) or water reward (US) are
indicated above.

(C and D) Exemplar time-aligned DA1h signals
from a mouse in naive (C) and trained (D) sessions.
Note emergence of DA response to reward-pre-
dictive cue after training.

(E) Group analysis of DA1h responses to water
(US, left) and cue (CS, right) of both naive and
trained mice (n = 9 mice; US response: naive no
water (N.W.): p = 0.084; naive water: p = 0.0020;
trained N.W.: p = 0.56; trained water: p =
0.0020; CS response: naive N.W.: p = 0.37; naive
water: p = 1.0000; trained N.W.: p = 0.043; trained
water: p = 0.0020).

(F) Direct comparison of baseline-subtracted
DAT1h signals to cue (CS) (naive: p = 0.43; trained:
p = 0.0020).

(G) Exemplar time-aligned pseudocolor images
and averaged traces (mean shaded with + SD)
from a mouse in naive, trained, and well-trained
sessions.

(H) Group analysis of the normalized peak Z scores
of DATm signals to US and CS in different ses-
sions. Each trace (coded with specific gray value)
represents data from one animal (n = 3 mice; water
trial US responses: p = 0.7638 between naive
and trained, p = 0.0125 between naive and well-
trained, p = 0.0080 between trained and well-
trained; water trial CS responses: p = 0.1032
between naive and trained, p = 0.0067 between
naive and well-trained, p = 0.0471 between trained
and well-trained).

Values with error bars indicate mean + SEM.
Signed rank test performed in (E) and (F); n.s., not
significant; **