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INTRODUCTION: Neurochemical signals, including neurotransmit-
ters, neuromodulators, and intracellular signaling molecules, are
dynamically modulated within networks that mediate various
brain functions and contribute to neurological disorders.
Dopamine (DA), one of the most important neuromodulators,
interacts intricately with other neuromodulators such as acetyl-
choline (ACh) and endocannabinoids (eCBs), along with intracel-
lular signals such as cyclic adenosine 5’-monophosphate
(cAMP) and Ca*'. Decoding these networks is crucial for under-
standing neural mechanisms underlying behaviors and related
disorders. However, current genetically encoded sensors are
limited to the green and red spectra, hindering real-time simulta-
neous detection of multiple neurochemical signals. There is an
urgent need to expand the spectral range of neuromodulator
sensors to include far-red and near-infrared (NIR) wavelengths
(i.e., those >650 nm).

RATIONALE: By utilizing G protein-coupled receptors (GPCRs) and
circularly permutated fluorescent proteins (cpFPs), we and others
have developed a series of green and red GPCR activation-based
(GRAB) sensors, enabling the detection of neuromodulators in vivo
with high spatiotemporal resolution. However, expanding this
strategy with far-red/NIR proteins presents challenges because of
the suboptimal properties of existing far-red/NIR fluorescent
proteins. The combination of protein tags with rhodamine
derivatives offers a promising alternative approach, providing a
broad spectral range and high brightness. We integrated the
cpHaloTag-chemical dye approach with the GRAB strategy,
resulting in the creation of HaloDA1.0, the first single protein-
based far-red chemigenetic sensor for neuromodulators.
Capitalizing on its far-red wavelength, HaloDA1.0 provides
opportunities for monitoring three neurochemicals simultaneously
by combining with existing green and red sensors.

RESULTS: HaloDA1.0 demonstrated robust sensitivity, high specific-
ity, subsecond response kinetics, and compatibility with a variety of
far-red chemical dyes. Combining HaloDA1.0 with two other
neuromodulator sensors in acute mouse brain slices, we achieved
simultaneous imaging of three key neuromodulators, DA, ACh, and
eCB, after electrical stimulation and pharmacological interventions.
In zebrafish larvae, HaloDA1.0 enabled three-color imaging of DA,
ATP, and Ca®", revealing coordinated activation patterns during
electrical shocks and acute seizure attacks. Our in vivo dye screen-
ing further established HaloDA1.0’s effective performance in living
mice with a silicon-rhodamine dye. This enabled dual-color
recording alongside optogenetic manipulations. Furthermore, we
achieved simultaneous multicolor recording of spontaneous and
behaviorally associated DA, ACh, and cAMP signals in the nucleus
accumbens, unveiling distinct regulatory patterns and providing a
comprehensive perspective of concurrent regulation of intracellular
cAMP signaling.
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Development and applications of a far-red dopamine sensor for simultaneous
monitoring of multiple neurochemicals. This sensor functions by modulating
the equilibrium of the lactone form (L) and zwitterionic form (Z) of chemical

dyes. Combining the far-red sensor with green and red sensors enables simultane-
ous monitoring of three neuromodulators or both neuromodulators and intracel-
lular signals in various biological systems. Some schematics were created using
BioRender.com.

CONCLUSION: To monitor multiple neurochemicals simultaneously,
we developed the chemigenetic far-red DA sensor HaloDALI.O,
enabling sensitive DA detection both in vitro and in vivo. This
sensor demonstrates significant advantages for monitoring
multiple neurochemical signals across diverse biological systems,
including cultured neurons, acute mouse brain slices, zebrafish,
and living mice. This strategy enhances our understanding of the
complex interactions among various neurochemical signals,
paving the way for deeper insights into neural circuit function
and improved comprehension of neurological and psychiatric
disorders. [J
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Dopamine (DA) plays a crucial role in a variety of brain functions
through intricate interactions with other neuromodulators and
intracellular signaling pathways. However, studying these
complex networks has been hindered by the challenge of
detecting multiple neurochemicals invivo simultaneously. To
overcome this limitation, we developed a single-protein
chemigenetic DA sensor, HaloDAL.O, which combines a
cpHaloTag—chemical dye approach with the G protein—coupled
receptor activation—-based (GRAB) strategy, providing high
sensitivity for DA, subsecond response kinetics, and a far-red to
near-infrared spectral range. When used together with existing
green and red fluorescent neuromodulator sensors, calcium
indicators, cyclic adenosine 5’-monophosphate sensors, and
optogenetic tools, HaloDA1.0 showed high versatility for
multiplex imaging in cultured neurons, brain slices, and
behaving animals, facilitating in-depth studies of dynamic
neurochemical networks.

Neuromodulators play an essential role in shaping behavior, in which
specific neurons integrate a variety of neuromodulatory inputs to
finely tune neural circuits through intracellular signaling mecha-
nisms and pathways (I, 2). The monoamine dopamine (DA) partici-
pates in many critical functions, including reward and motivation,
learning, and movement (3-5). The multifaceted role of DA in physi-
ology is intricately linked with its interactions with other neuro-
modulators, including acetylcholine (ACh), endocannabinoids (eCBs),
and serotonin (5-HT) (6, 7). Furthermore, the interaction of DA with
its receptors triggers intracellular signaling through cytosolic second
messengers such as cyclic adenosine 5’-monophosphate (cAMP) and
Ca’* (8, 9). Therefore, obtaining a comprehensive view of the func-
tions of DA requires precise examination of its intricate interactions
within neurochemical networks, including its complex relationship
with the other neuromodulators and intracellular signaling mole-
cules with high spatial and temporal resolution.

Achieving this goal requires tools that can be used to simultaneously
monitor various neurochemical signals, including multiple neuro-
modulators and/or a combination of neuromodulators and cytosolic
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signaling molecules in vivo. Previously, our group and others devel-
oped a series of genetically encoded DA sensors based on the G
protein-coupled receptor (GPCR) activation-based (GRAB) strategy,
which can be used to visualize DA dynamics in vivo with exception-
ally high spatiotemporal resolution (10-14). However, despite their
advantages, these fluorescent sensors are limited to the green and
red spectra (I5), restricting their use to dual-color imaging and limit-
ing our ability to simultaneously track a large number of neurochemi-
cal signals. This has led to the urgent need to extend the spectral
range of neuromodulator sensors, particularly to include far-red and
near-infrared (NIR) wavelengths (i.e., those >650 nm). However, en-
gineering genetically encoded far-red/NIR sensors is challenging due
to the relatively low brightness of existing far-red/NIR fluorescent
proteins and the difficulty associated with obtaining suitable cir-
cularly permutated far-red/NIR fluorescent proteins required for
GPCR-based sensors (16, 17).

Combining the dye-capture protein HaloTag (I8) with rhodamine
derivatives offers a promising alternative approach, providing a broad
spectral range, high brightness, and high photostability (19). Similar
to green fluorescent protein (GFP), for which the chromophore ioniza-
tion state is dependent on the surrounding environment (20), rhoda-
mine derivatives are also environment sensitive. They reside in an
equilibrium between the closed, nonfluorescent lactone (L) form and
the open, fluorescent zwitterionic (Z) form (21, 22). Although this chemi-
genetic strategy has been used successfully to develop far-red/NIR Ca**
and voltage sensors (23, 24), much of these sensors’ performance
in vivo has not been studied.

Here, we combined our GRAB strategy with chemigenetics to de-
velop a far-red DA sensor called GRABya0pa10 (hereafter referred to
as HaloDA1.0). We then used this new sensor to perform three-color
imaging with high spatiotemporal precision in a variety of in vitro and
in vivo applications, including cultured neurons, acute brain slices,
and behaving animals.

Development and invitro characterization

of a far-red DA sensor

We used the human D1 receptor (D1R) as the scaffold because of its
superior membrane trafficking properties compared with other DA
receptors (10). As the first step, we replaced the third intracellular
loop in DIR with an optimized circularly permutated HaloTag protein
(cpHaloTag) originally derived from the Ca®" sensor HaloCaMP (23).
To optimize the DA sensor, we labeled the chimera variants with far-
red dyes conjugated to a HaloTag ligand, which forms a covalent bond
with cpHaloTag (25). We generated the DA sensor based on the hypoth-
esis that upon binding its ligand, the receptor undergoes a conforma-
tional change that in turn drives a conformational change in cpHaloTag,
thereby shifting the equilibrium of the conjugated dye from the nonfluo-
rescent (L) state to the fluorescent (Z) state, resulting in an increase in
fluorescence (Fig. 1A). We then systematically optimized the cpHaloTag
insertion sites, linker sequences, and critical residues in both cpHaloTag
and DIR (fig. S1), primarily using Janelia Fluor 646 (JF646) as the far-
red dye (25, 26) because of its superior bioavailability compared with
JF635 (see below). We screened >2000 variants and identified the
variant with the highest response, which we called HaloDA1.0 (Fig. 1B).
We also generated a DA-insensitive sensor, which we called HaloDAmut,
and used it as a negative control by mutating sites in the receptor’s
ligand-binding pocket (Fig. 1B and fig. S1A).
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Fig. 1. Development and characterization of a far-red dopamine sensor. (A) Left: schematic diagram illustrating the principle of the far-red DA sensor (top) and L-Z
equilibrium of rhodamine derivatives (bottom). Right: idealized traces depicting the emission spectra of current GFP—and red fluorescent protein (RFP)-based sensors
alongside the new far-red and NIR sensors. (B) Optimization of far-red DA sensor variants in response to 100 pM DA application, with stepwise changes in the insertion sites,
linker, cpHaloTag, and GPCR optimization. The variants in step 1 were screened using the dye JF635, and the variants in steps 2, 3, and 4 were screened using the dye JF646.

(C) Representative images of HEK293T cells expressing HaloDAL.0 and labeled with JF646 before and after application of 100 pM DA. Scale bar, 20 um. (D) Dose-response
curves of HaloDAL.0 and HaloDAmut labeled with JF646 in HEK293T cells. n = 3 wells with 300 to 500 cells per well. (E) One-photon excitation (Ex) and emission (Em) spectra
of HaloDAL.0 labeled with JF646 in the presence of 100 uM DA (solid lines) or saline (dashed lines). F.I., fluorescence intensity. (F) Maximum AF/Fg (left) and normalized
dose-response curves (right) for HaloDAL.0 labeled with the indicated dyes in HEK293T cells. n = 3 wells with 300 to 500 cells per well for each dye. (G) Representative images
of cultured rat cortical neurons expressing HaloDAL.0 and labeled with the indicated dyes (top row) and fluorescence response to 100 pM DA (bottom row). Scale bar, 50 pm.
(H) Dose-response curves (left), maximum AF/Fg (top right), and SNR relative to JF635 (bottom right) for cultured rat cortical neurons expressing HaloDAL.O and labeled

with the indicated dyes. n = 120 regions of interest (ROIs) from four coverslips for each dye. (I) Normalized AF/F (relative to DA) for HaloDAL.0 expressed in cultured neurons
and labeled with JF646. Etic, eticlopride (D2R antagonist); SKF, SKF-81297 (D1R agonist); Quin, quinpirole (D2R agonist); HA, histamine; OA, octopamine; TA, tyramine; GABA,
y-aminobutyric acid; Glu, glutamate; L-Dopa, levodopa. All chemicals were applied at 1 M. n = 3 wells with an average of 50 neurons per well. The inset shows the dose-response
curves for DAand NE. n = 3 to 4 coverslips with 30 ROIs per coverslip. (J) Luciferase complementation assay to measure G protein coupling. Cells expressing miniGs-LgBit
alone served as a negative control. n = 3 wells per group. WT, wild-type. (K) Tango assay to measure p-arrestin coupling. Nontransfected cells served as a negative control.n =3

wells per group. (L) Schematic diagram depicting the strategy for multiplex imaging (left) and representative images (right) of cultured neurons coexpressing the far-red DA
sensor JF646-labeled HaloDAL.0, the red fluorescent 5-HT sensor r5-HT1.0, and the green fluorescent NE sensor NE2m. Scale bar, 50 um. (M) Fluorescence responses of
JF646-labeled HaloDA1.0 (magenta), r5-HT1.0 (red), and NE2m (green). Where indicated, DA (1 uM), 5-HT (1 uM), NE (1 pM), yohimbine (YO, 2 uM), RS23597-190 (RS, 20 pM)

and SCH (10 pM) were applied. n = 40 ROIs from three coverslips.

We first confirmed that the JF646-conjugated HaloDA1.0 sensor
(HaloDA1.0-JF646) could reach the plasma membrane when ex-
pressed in human embryonic kidney (HEK) 293T cells (Fig. 1C) and
produced a strong, transient increase in fluorescence upon ligand
application, with a half-maximal effective concentration (ECso) of
150 nM and a maximum AF/F, of ~900% (Fig. 1D). Using one-photon
excitation, we then confirmed that HaloDA1.0-JF646 was in the far-
red range, with an excitation peak at 645 nm and an emission peak
at 660 nm (Fig. 1E). Chemical dyes, which vary in their structure and
properties, can affect the performance of HaloDA1.0; therefore, we
tested a wide range of rhodamine derivatives (22, 25-30) in
HaloDA1.0-expressing HEK293T cells, identifying several dyes that
elicited a strong response in HaloDA1.0 with spectra spanning from
green to NIR (Fig. 1F and figs. S2 and S3). When labeled with distinct
far-red dyes, HaloDA1.0 had peak AF/F, responses ranging from 110
to 1300% and ECs, values varying from 21 to 410 nM (Fig. 1F), with
the fluorescence brightness and dye-labeling rate also varying sub-
stantially across dyes (fig. S4). The DA-insensitive HaloDAmut sensor,
which is as bright and efficiently labeled as HaloDA1.0 (fig. S4), had
no detectable fluorescence increase in response to DA application
regardless of the dye used (Fig. 1D and fig. S2B). We also examined
the performance of far-red dye -labeled HaloDA1.0 expressed in cul-
tured neurons. Consistent with our results obtained with HEK293T
cells, we observed a similar rank order for the four dyes tested in
terms of the sensor’s peak response and DA affinity (Fig. 1, G and H,
and fig. S2E). These results indicate that the properties of HaloDA1.0,
including its spectrum, brightness, ligand response, and ligand af-
finity, could be fine-tuned by labeling with specific chemical dyes.

Next, we characterized the sensor’s pharmacological properties,
kinetics, and coupling to downstream pathways when expressed in
HEK293T cells and cultured neurons and then labeled with either JF646
or SiR650 (27) (Fig. 1, I to K, and fig. S5). We found that HaloDA1.0
retained the pharmacological properties of the parent receptor, be-
cause it could be activated by the D1R agonist SKF-81297 but not the
D2R-specific agonist quinpirole. In addition, the DA-induced in-
crease in HaloDA1.0 fluorescence was blocked by co-application of
the D1R-specific antagonist SCH-23390 (hereafter SCH) but was unaf-
fected by the D2R-specific antagonist eticlopride (Fig. 1I and fig. S5A).
Moreover, HaloDA1.0 had a 15- to 19-fold higher sensitivity to DA
compared with the structurally similar neuromodulator norepineph-
rine (NE), and had only a minimal response to a wide range of other
neurochemicals tested (Fig. 1I and fig. S5, A and B). Using line-scan
confocal microscopy, we locally applied DA followed by SCH to mea-
sure the sensor’s on-rate (to,) and off-rate (tof), respectively. We found
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that HaloDA1.0 had a subsecond on-rate (with t,, values of 40 and
90 ms when labeled with JF646 and SiR650, respectively) and an
off-rate similar to values reported for DA sensors (with t.¢ values of
3.08 and 2.96 s when labeled with JF646 and SiR650, respectively) (fig.
S5, C and D). To determine whether HaloDA1.0 coupled to downstream
intracellular signaling pathways, we used the luciferase complemen-
tation assay and the Tango assay to measure Gs- and p-arrestin-mediated
signaling, respectively. We found that HaloDA1.0 induced only mini-
mal activation of these two signaling pathways (Fig. 1, J and K). As a
positive control, we found that the wild-type D1R had robust dose-
dependent coupling to both pathways (Fig. 1, J and K). As an addi-
tional verification, we investigated whether HaloDA1.0 undergoes
B-arrestin-mediated internalization and/or desensitization when
expressed in cultured neurons. We found that the DA-induced increase
in HaloDAI.0 surface fluorescence was stable for at least 2 hours,
indicating minimal internalization (fig. S5, E and F). These results
indicate that HaloDA1.0 has high sensitivity and specificity for DA,
with rapid response kinetics but without the complication of activat-
ing downstream signaling pathways.

One of the potential advantages of our far-red HaloDA1.0 sensor is
that it should be compatible with multiplex imaging when combined
with green and/or red fluorescent sensors. To test this, we coexpressed
the far-red HaloDA1.0-JF646 sensor, the red fluorescent 5-HT sensor
r5-HT1.0 (31), and the green fluorescent NE sensor NE2m (32) in cul-
tured neurons and then performed three-color imaging using confocal
microscopy. We found that all three sensors were expressed in the same
neuron, and their respective fluorescence signals could be sequentially
activated and blocked by application of their respective agonists and
antagonists. This allowed us to simultaneously monitor all three mono-
amine neuromodulators in real time in cultured cells with minimal
cross-talk (Fig. 1, L and M).

The HaloDA1.0 sensor is compatible for use in multiplex
imaging in acute brain slices

To assess whether HaloDA1.0 can detect endogenous DA release, we
injected an adeno-associated virus (AAV)-expressing HaloDA1.0 into
the nucleus accumbens (NAc) of mice. After 3 weeks (to allow for ex-
pression), we prepared acute brain slices and labeled the sensor by
incubating the slices for 1 hour with JF646 (Fig. 2A). We found that
applying local electrical stimuli at 20 Hz with a bipolar electrode elic-
ited a robust, transient increase in fluorescence, with the amplitude
of the response correlated with the number of stimuli (Fig. 2, B and
C). The sensor’s specificity for endogenous DA release was confirmed
by application of the DIR antagonist SCH, which completely blocked
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Fig. 2. Multiplex imaging using HaloDA1.0 in acute mouse brain slices. (A) Schematic illustration depicting the strategy for single-color imaging of mouse brain slices
expressing HaloDAL.0. (B) Representative images showing the expression and fluorescence response of JF646-labeled HaloDAL.0 at baseline and in response to the indicated
electrical stimuli. The white dashed circle (100 pm diameter) indicates the ROl used for further analysis, and the approximate location of the stimulating electrode is indicated
with dashed yellow lines. SCH concentration was 10 pM. Scale bar, 50 pm. (C) Representative traces (left) and group summary (right) of the changes in JF646-labeled

HaloDAL.0 fluorescence in response to the indicated number of electrical stimuli. n = 4 slices from 3 mice. (D) Representative trace showing normalized AF/F (left) and group
summary of ton and tof (right) measured in response to a single electrical stimulus. The trace was fitted with single-exponential functions to determine to, and o5 n = 3 slices
from 3 mice. (E) Schematic illustration depicting the strategy for multiplex imaging of mouse brain slices prepared 12 hours after injecting 100 nmol SiR650 into the mouse’s tail
vein. (F) Representative images showing the expression and time-lapse fluorescence responses of SiR650-labeled HaloDAL.0, rAChlh, and eCB2.0 in response to the indicated
electrical stimuli. The fluorescence response of each sensor measured in the presence of its corresponding antagonist [SCH, scopolamine (Scop), or AM251, applied at 10 uM] is
shown on the far right. The white dashed circle (100 um diameter) indicates the ROl used for further analysis. Scale bar, 50 pm. (G and H) Representative traces (G) and group
summary (H) of the fluorescence change in SiR650-labeled HaloDA1.0 (magenta), rAChlh (red), and eCB2.0 (green) in response to electrical stimuli (20 Hz applied for 1s)
before and after application of the antagonist cocktail. n = 18 slices from 6 mice. (I) Group summary of the rise and decay kinetics (tso) of all three sensors in response to electri-
cal stimuli. (J and K) Representative pseudocolor images (top) and traces of the fluorescence response [bottom, relative to artificial cerebrospinal fluid (ACSF)] of the indicated
sensors in response to electrical stimuli (20 Hz applied for 1 s) before and after the application of 2 uM GBR (J) or donepezil (Done) (K). Scale bar, 50 um. (L and M) Group
summary of peak AF/Fg (left) and decay tso (right) for the indicated three sensors in response to electrical stimuli in the presence of GBR (L) or donepezil (M). n = 6 slices from

3 mice for each treatment.

the fluorescence increase (Fig. 2, B and C). HaloDA1.0 showed high
sensitivity, because it was able to detect DA release induced by a single
electrical pulse with a mean rise time constant of 150 ms and a mean
decay time constant of 8.3 s (Fig. 2D).

In addition to DA, a variety of other neuromodulators, such as ACh
and eCBs, are also released in the NAc, and although their interaction
with DA has physiological relevance, this cross-talk between neuro-
modulator systems remains poorly understood (6, 33). This intricate
network of neuromodulators in the NAc therefore provides an excel-
lent model system for performing multiplex imaging in a physiological
context. We injected a mixture of viruses expressing HaloDA1.0 (sub-
sequently labeled with the far-red dye SiR650 by tail vein injection),
rAChih (for ACh) (34), and the green fluorescent eCB sensor eCB2.0
(85) in the NAc. This allowed us to monitor all three neuromodulators
simultaneously using confocal microscopy in acute mouse brain slices
(Fig. 2E). We found that all three sensors had a robust increase in their
respective fluorescence signals in response to field stimuli applied at
20 Hz; moreover, each sensor’s signal was blocked by application of
its respective antagonist, confirming specificity (Fig. 2, F to H).
Compared with the DA and ACh signals, the eCB signal had slower
rise and decay times, with an onset of eCB release occurring after the
end of the stimulus (Fig. 2I), consistent with previous electrophysi-
ological studies (36-38). Although sensor kinetics may partially affect
the signal kinetics, the predominant factor is likely their different
release mechanism, because eCB needs time to be synthesized for
release (39, 40), whereas DA and ACh are directly released from the
vesicles upon stimulus (41, 42).

Our successful use of three-color imaging to measure three distinct
neuromodulators provides a good system in which to study their
regulation. We therefore pretreated brain slices with the selective
DA transporter (DAT) blocker GBR12909 (hereafter GBR) and found
that it both increased the peak response and slowed the decay Kinet-
ics of the stimulus-induced DA signal (Fig. 2, J and L), consistent
with reduced reuptake of DA into the presynaptic terminal. Moreover,
GBR reduced the peak ACh signal (Fig. 2, J and L), consistent with
the notion that DA inhibits ACh release by binding D2R on cholin-
ergic interneurons (43-45). GBR also increased the peak eCB signal
(Fig. 2, J and L). Similarly, the acetylcholinesterase inhibitor done-
pezil increased the stimulus-induced ACh signal and also modestly
increased the DA signal (Fig. 2, K and M), consistent with ACh’s
known mechanism of action through nicotinic ACh receptors at do-
paminergic terminals (46-48). Donepezil also increased the peak
eCB signal (Fig. 2, K and M), suggesting a previously unknown in-
teraction between the ACh and eCB signaling pathways. These results
demonstrate that HaloDA1.0 is suitable for use in multiplex imag-
ing and provide new insights into the cross-talk among three key
neuromodulators.
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Multiplex imaging in zebrafish larvae
To determine whether HaloDA1.0 can be used to monitor DA dynamics
in vivo, we transiently expressed the sensor in neurons in larval zebraf-
ish, leveraging their genetic accessibility and optical transparency. We
then labeled the sensor using three far-red dyes, JF635, JF646, and
SiR650, and found that SiR650-labeled sensors had the strongest base-
line fluorescence (fig. S6, A and C). Both JF646 and SiR650 displayed
relatively low background staining, ~1% of sensor fluorescence (fig. S6D).
Moreover, locally applying a puff of DA rapidly induced a robust, tran-
sient increase in fluorescence, with the largest response measured in
JF646-labeled sensors (fig. S6, B and E). SiR650- and JF646-labeled
sensors had a similar signal-to-noise ratio (SNR), outperforming JF635-
labeled sensors (fig. S6F). As negative controls, we confirmed that a puff
of phosphate-buffered saline had no effect on SiR650-labeled HaloDAL1.0,
and DA had no effect on SiR650-labeled HaloDAmut (fig. S6, B, E, and F).
‘We then performed three-color in vivo imaging in zebrafish larvae by
transiently expressing HaloDA1.0 in a zebrafish line expressing the red
fluorescent Ca* sensor JRGECO1a in neurons and the green fluorescent
ATP sensor ATP1.0 (49) in astrocytes (fig. S7A). The HaloDA1.0 sensor
was then labeled with SiR650. Upon application of a mild electrical body
shock, we observed time-locked fluorescence increases for all three sen-
sors in the hindbrain (fig. S7, B and D). The kinetics of the DA and ATP
signals were similar, but both signals decayed more slowly than the
neuronal Ca®" signal (fig. S7F). In addition, we found strong correlation
between the DA and ATP signals, with a negligible time lag between the
two (fig. S7F). In addition, application of the GABA4 receptor antagonist
pentylenetetrazole (PTZ) induced robust, synchronized DA and ATP
signals that were in phase with the neuronal Ca®* signal (fig. S7, C and
E). By aligning the DA and ATP signals with the peak Ca>" signal, we
found a high correlation in peak amplitude between the DA and Ca**
signals and between the ATP and ca? signals (fig. S7G). Furthermore,
we found that the decay Kinetics of the DA signals differed between
signals induced by electrical shock and those induced by PTZ applica-
tion. By contrast, we found no difference in decay kinetics for the Ca®*
and ATP signals (fig. S7TH). These results indicate that the HaloDA1.0
sensor can reliably detect DA release in vivo and is compatible for use
in three-color imaging in the brain of zebrafish larvae.

HaloDA1.0 can detect optogenetically evoked DA release

in freely moving mice

Using a cpHaloTag-based sensor in vivo in mice requires delivery of
the dye to the mouse’s brain, presenting a greater challenge compared
with its use in zebrafish. Therefore, we systematically compared vari-
ous far-red dyes in vivo to optimize the performance of HaloDA1.0. We
virally expressed the optogenetic actuator Channelrhodopsin-2 (ChR2)
in the ventral tegmental area (VTA) and expressed HaloDA1.0 in
the NAc (Fig. 3A and fig. S8A), which receives dense dopaminergic
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Fig. 3. HaloDA1.0 can be used to detect endogenous DA release in freely moving mice. (A) Schematic diagram depicting the strategy for using fiber photometry to
record HaloDA1.0 or HaloDAmut labeled with various dyes (100 nmol injected through the tail vein) in the NAc upon optogenetic stimulation of VTA neurons. (B) Representa-
tive traces of the change in HaloDA1.0 or HaloDAmut fluorescence during optogenetic stimulation in the indicated mice. (C and D) Average traces (left) and group summary
(right) of the change in HaloDA1.0 or HaloDAmut fluorescence measured under the indicated stimulation duration (C) and frequency (D). n = 3 to 5 mice per group.

(E) Representative trace of the change in HaloDAL.0 fluorescence measured at baseline (control), after an intraperitoneal injection of 20 mg/kg GBR, and after an intraperito-
neal injection of 8 mg/kg SCH. The blue ticks indicate the optogenetic stimuli. (F) Averaged trace (left) and normalized traces (right) of SiR650-labeled HaloDA1.0 measured
in one mouse under the indicated conditions. The vertical blue shading indicates the optogenetic stimuli, and the off kinetics (tos) were fitted with a single-exponential
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function. (G) Group summary of baseline AF/Fq (top), peak AF/Fqo (bottom left), and <. (bottom right) measured for SiR650-Iabeled HaloDAL.0 under the indicated
conditions. n = 4 mice. (H) Schematic illustration depicting the strategy for fiber photometry recording of HaloDAL.0 in the mPFC upon optogenetic stimulation of VTA
neurons. (I) Representative traces and magnified view (indicated by dashed box) of the change in fluorescence of SiR650-labeled HaloDAL.0 under the indicated conditions.
The blue ticks indicate the optogenetic stimuli applied at 20 Hz for 1 s. (J and K) Average traces (J) and group summary (K) of peak AF/Fq for SiR650-labeled HaloDA1.0
under the indicated conditions. n = 7 mice. (L) Schematic diagram depicting the strategy for dual-color fiber photometry recording in the CeA with optogenetic stimulation
of VTA neurons in a D2R-Cre mouse. (M and N) Representative traces (M) and average traces (N) of the DA and Ca®* signals measured in D2R-expressing neurons in the
same mouse under control conditions or after application of 2 mg/kg Etic. The blue ticks and vertical shading indicate the optogenetic stimuli applied at 20 Hz for 5s. The
traces in (N) represent the average of eight trials per condition. (0) Group summary of the area under the curve (AUC, O to 30 s) of the DA and ca’* signals measured under

the indicated conditions. n = 5 mice per group.

projections from the VTA. We then injected various dyes into the tail
vein to label HaloDA1.0 in the NAc and performed fiber photometry
recordings 12 hours later, by which time the background staining was
minimal (50, 51). Optogenetic stimulation of the VTA resulted in a
moderate increase in JF646-labeled HaloDA1.0 fluorescence, with no
measurable change in JF635-labeled or JFX650-labeled HaloDA1.0
(Fig. 3, B to D). By contrast, and consistent with our results obtained
with zebrafish, SiR650-labeled HaloDA1.0 had a much higher response.
To elucidate the performance discrepancy of different far-red dyes
in vitro and in vivo, we quantified their labeling efficiency in mice
using a pulse-chase assay (51, 52). The results showed a higher labeling
percentage for SiR650 compared with the other far-red dyes (fig. S9),
supporting the superior performance of SiR650 observed in the in vivo
recordings. SiR650-labeled HaloDA1.0 provided higher brightness than
fluorescent proteins in vivo, in both zebrafish and mice (fig. S10). As
negative controls, no signal was detected in uninjected mice or in mice
expressing SiR6560-labeled HaloDAmut (Fig. 3, B to D). In addition,
an intraperitoneal injection of the DAT blocker GBR produced a slow
progressive increase in the basal fluorescence of SiR650-labeled
HaloDA1.0 and increased both the magnitude and decay time of the
light-activated responses (Fig. 3, E to G). Moreover, the DIR antagonist
SCH application abolished both the increase in basal fluorescence and
the light-evoked responses. The optogenetically evoked signals were
stable for 2 days but then decreased, presumably due to degradation
of the sensor-dye complex because the responses were restored by
subsequent injections of dye (fig. S11). These results indicate that ex-
pressing HaloDA1.0 and then labeling the sensor with SiR650 provides
a sensitive and specific tool for monitoring the release of endogenous
DA in vivo in mice.

Next, we investigated whether HaloDA1.0 can be used to monitor
DA release in vivo in sparsely innervated brain regions such as the
medial prefrontal cortex (mPFC) (53, 54). We found that activation of
neurons in the VTA caused transient increases in SiR650-labeled
HaloDAI1.0 in the mPFC, and these responses were blocked by SCH
(Fig. 3, Hto K, and fig. S8B). We compared the performance of HaloDA1.0
with reported DA sensors and found that HaloDA1.0 exhibited larger
fluorescence increases than gDA3m (13) and dLight1.3b (15), demon-
strating its high sensitivity to detect modest DA release in vivo in mice
(fig. S12).

To test whether our far-red sensor is compatible for use in dual-color
recordings during optogenetic stimulation, we expressed DIO-ChR2 in
the VTA of D2R-Cre mice to specifically activate dopaminergic neurons,
because D2R can serve as a general marker for these neurons in the VTA
(55, 56). In addition, we co-expressed HaloDA1.0 and the red fluorescent
Ca®* sensor DIO-JRGECO1a in the central nucleus of the amygdala (CeA),
which abundantly expresses DA receptors and receives dopaminergic
projections from the VTA (53, 57, 568), to determine how DA release affects
neuronal activity in the CeA (Fig. 3L and fig. S8C). We found that opto-
genetic stimuli triggered an increase in DA release together with a de-
crease in Ca®* in D2R-positive neurons (Fig. 3, M to O). Moreover,
treatment with the D2R antagonist eticlopride blocked the change in
Ca®" without affecting DA release (Fig. 3, M to O), indicating that DA
may suppress the activity of D2R-positive neurons in the CeA by activat-
ing inhibitory D2R signaling.
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Simultaneously monitoring DA, ACh, and cAMP dynamics

in the mouse NAc

In the striatum, both DA and ACh play essential roles in learning and
motivation, regulating synaptic plasticity in part by binding to the
excitatory DIR and the inhibitory muscarinic acetylcholine M4 recep-
tor (M4R), respectively, expressed on medium spiny neurons (D1-
MSNs) (59-63). Although several pioneering studies examined the
interaction between DA and ACh signaling (46, 64, 65), the effects of
their concurrent regulation on intracellular cAMP signaling in DI-
MSNs during behavior remain poorly understood. To address this
important issue, we virally coexpressed HaloDA1.0, rACh1h, and the
green fluorescent cAMP sensor DIO-GFlamp?2 (66, 67) in the NAc of
D1R-Cre mice (Fig. 4, A and B). We then labeled the DA sensor with
SiR650 and used three-color fiber photometry to simultaneously
monitor DA, ACh, and cAMP in vivo (Fig. 4 and fig. S13).

All three signals showed spontaneous fluctuations in the absence
of stimuli (Fig. 4C). Centering on the peaks of the spontaneous DA
fluctuations, we observed a corresponding increase in the cAMP
signal and a phasic dip in the ACh signal (Fig. 4, E and I). The peak
in DA preceded the trough in the ACh signal, followed by the peak
in cAMP, which is consistent with the requirement for DA to bind
DIR to produce cAMP. During unconditioned sucrose rewards, we
observed a pattern akin to the spontaneous signals (Fig. 4, C, F, and J);
however, upon applying a 1-s foot shock, a distinct pattern emerged
for all three signals (Fig. 4, G and K). We then ruled out spectral cross-
talk between the three sensors and confirmed the specificity of the
signals by showing that SCH largely eliminated the DA and cAMP
signals, whereas the M3R antagonist Scop selectively blocked the
ACh signal (fig. S14). Given the comparable sensor Kkinetics (34, 66),
the rise and decay differences in these signals are majorly due to the
changes in the amounts of DA, ACh, and cAMP. Finally, a correlation
analysis revealed a direct correlation between DA and cAMP (with
a 500-ms lag) and inverse correlations both between ACh and cAMP
and between DA and ACh (both with a 300-ms lag) (Fig. 4M), con-
sistent with recent studies regarding the interaction between DA
and ACh (64, 65).

Combining their dynamics and receptor functions, we found that
both the increase in DA and the decrease in ACh signals facilitate
the production of cAMP during spontaneous activity and in response
to sucrose (fig. S15). Conversely, both the decrease in DA and the
increase in ACh signals in response to aversive stimuli (in this case,
foot shock) reduce cAMP production. We therefore investigated the
effect of the addictive drug cocaine on this regulatory mechanism.
We found that a single intraperitoneal injection of 20 mg/kg cocaine
increased all three signals, with the DA and cAMP signals being sub-
stantially larger than the signals induced by sucrose (Fig. 4, H and L,
and fig. S13). In addition, we found a strong direct correlation be-
tween all three pairs of signals (Fig. 4N), suggesting that cocaine can
disrupt the normal interactions between these signaling processes
(fig. S15). Together, these in vivo experiments provide a comprehen-
sive view of the dynamic interplay between DA, ACh, and cAMP in
D1-MSNs under different conditions, highlighting the ability of using
HaloDA1.0 to measure the subsecond dynamics and interplay be-
tween these neurochemicals in vivo in mice.
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Fig. 4. Simultaneous monitoring of DA, ACh, and cAMP dynamics invivo in mice. (A) Left and middle: schematic diagram depicting the strategy for three-color fiber
photometry recording of DA, ACh, and D1-MSN cAMP signals in the NAc during 5% sucrose delivery, foot shock (0.7 mA for 1's), or after an intraperitoneal injection of cocaine
(20 mg/kg). Right: proposed model for the actions of DA and ACh in D1-MSNs. DA released from the dopaminergic termini binds Gs-coupled DIR to drive cAMP production.
ACh released from cholinergic interneurons binds Gi-coupled M4R to reduce cAMP production. (B) Histological verification of HaloDAL.0, rAChlh, and DIO-GFlamp2
expression in the mouse NAc. The white arrow indicates the approximate location of the fiber tip. Images of the individual channels are shown on the left. Scale bars,

0.5 mm. (C) Example traces of all three sensor signals measured simultaneously in the NAc during three consecutive sucrose trials under control conditions (left) or after
intraperitoneal injection of 8 mg/kg SCH and 10 mg/kg Scop (right). (D) Example traces of all three sensor signals measured simultaneously in the NAc during three
consecutive foot shock trials. (E to H) Representative time-aligned pseudocolor images and average traces of DA, ACh, and D1-MSN cAMP signals measured in a mouse
during spontaneous activity (E), sucrose (F), foot shock (G), and cocaine application (H). The traces in (E), (F), and (G) are shown as the mean + SEM. In (H), the raw
fluorescent response is indicated by the shaded area, and the bold lines indicate the response after low-pass filtering at 0.01 Hz. (1 to L) Normalized fluorescence response
of all three sensor signals measured during spontaneous activity (1), sucrose (J), foot shock (K), and cocaine application (L). n = 4 mice each. (M and N) Mean cross-
correlation between the indicated pairs of sensor signals measured under the indicated conditions. The cross-correlations during spontaneous activity, sucrose, and foot
shock application are shown in (M), with the time lag indicated. The cross-correlations during cocaine application are shown in (N). n = 4 mice for each condition.

Discussion

Here, we report the development, characterization, and application of
HaloDA1.0, a far-red chemigenetic DA sensor with distinct spectral prop-
erties that make it compatible for use with existing sensors for monitor-
ing other neuromodulators. By combining HaloDA1.0 with existing
green and red fluorescent neuromodulator sensors, Ca?" indicators,
cAMP sensors, and optogenetic tools, we show that this DA sensor can
be used for multicolor imaging in a variety of models. In cultured neu-
rons, we simultaneously imaged the dynamics of three monoamines. In
acute mouse brain slices, we imaged the release of—and then studied
the regulation of —endogenous DA, ACh, and eCB upon electrical stimu-
lation. Using zebrafish larvae, we imaged endogenous DA, ATP, and Ca?*
signals. We also showed that this sensor can detect DA release in vivo
in mice, using dual-color recording to measure changes in DA and in-
tracellular Ca®" in response to blue light-activated optogenetics. Finally,
we simultaneously measured DA, ACh, and cAMP in vivo in the NAc of
behaving mice under basal conditions and during various behavioral
stimuli, including sucrose, foot shock, and cocaine administration, re-
vealing distinct patterns regulating these three signaling molecules.

Unlike genetically encoded DA sensors, HaloDA1.0 uses the chemical
dye cpHaloTag as its fluorescent module, in which the DA-dependent
change in fluorescence relies on a shift in the equilibrium between dye’s
L and Z forms. Despite using a different mechanism compared with
conventional genetically encoded DA sensors, HaloDA1.0 showed excel-
lent sensitivity, good membrane trafficking, high specificity for DA, rapid
Kinetics, and minimal downstream coupling (68). HaloDA1.0 might also
be used to monitor DA release in a wide range of brain regions, including
the CeA and mPFC, making it a valuable additional tool. It is important
to note that the repeated dye injection that is necessary for longitudinal
recording over weeks may introduce variability in the recorded signals.
Therefore, longitudinal studies using this sensor must be carefully con-
ducted with appropriate controls and thorough validation to ensure
data reliability.

When labeled with different dyes, HaloDA1.0 exhibited varying ECsg
values, possibly caused by allosteric modulation of the GPCR. For exam-
ple, classic studies suggest that G protein interactions with the intracel-
lular domain of the GPCR stabilize the receptor in a high-affinity state
(69, 70). Additionally, small molecules can act as allosteric modulators,
regulating the binding affinity of GPCRs (77). Therefore, we speculate that
the differences in ECs across different dye labels may arise from a similar
allosteric modulation mechanism of the GPCR. A similar trend has been
observed in other chemigenetic sensors such as HaloCaMP1a (23).

Although the cpHaloTag-based chemigenetic strategy, which modu-
lates L-Z equilibrium, has been used to develop both Ca®* and voltage
sensors (23, 24), the in vivo applications remain scarce. Identifying an
appropriate dye for use in vivo is essential but challenging, requiring
the right balance between its tunable properties and bioavailability.
Although some JF dyes, such as JF525 and JF669, demonstrate good
blood-brain barrier (BBB) permeability (22, 72, 73), they could not be
used for labeling the HaloDA1.0 sensor. Here, we found that the dye
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SiR650 provided the best performance in vivo, presumably due to its
high bioavailability. SiR650 achieved a labeling efficiency of ~11% for
HaloDA1.0 in mice, leaving substantial room for improvement. Future
modifications to the dye’s structure and protein engineering are likely
to further improve the dye-labeling rate, achieving even better perfor-
mance in vivo. Additionally, a tryptophan quenching-based Ca>" sensor
has been recently reported (74), which bypasses the regulation of the
L-Z equilibrium and is compatible with JF dyes that exhibit satisfying
BBB penetration. This sensor has been well demonstrated in vivo in
mice, zebrafish, and flies and could also be expanded for engineering
neuromodulator sensors.

The ability to simultaneously measure DA, ACh, and cAMP in DI-
MSNs within the NAc during various behaviors provides a highly com-
prehensive view of how neuromodulators and their downstream
signals can integrate to modulate synaptic plasticity. Compared with
previous studies that focused primarily on either the interaction be-
tween DA and ACh (46, 64, 65) or the interaction between DA and its
downstream signals (8, 75), our three-color recording system is more
robust, yielding deeper insights than single-color and even dual-color
recordings. Our findings suggest a potential synergistic modulation of
D1-MSNs by DA and ACh under physiological conditions, and this deli-
cate balance can be disrupted—for example, by cocaine. This is consistent
with previous studies showing that knocking out M4R in D1-MSNs
potentiates cocaine-induced hyperlocomotor activity (76).

Leveraging this chemigenetic strategy, we speculate that in the fu-
ture it will be possible to develop a wide range of far-red neuromodula-
tor sensors based on other GPCRs. Given the >100 neurotransmitters
and neuromodulators identified to date, this strategy will offer more
options for researchers to simultaneously monitor multiple neuro-
chemical signals. Moreover, by leveraging NIR dyes and protein-
engineering strategies (21, 22, 77), the sensors’ spectral range can be
shifted even further into the NIR range, making them even more suit-
able for use in in vivo imaging. Ultimately, additional protein tags such
as SNAP-tag (78) and TMP-tag (79) might be used to develop sensors
that are orthogonal to existing cpHaloTag sensors, providing the abil-
ity to simultaneously image a multitude of neuromodulators.

In summary, our far-red chemigenetic DA sensor, which is suitable
for both in vitro and in vivo applications, can be used to simultane-
ously measure multiple neurochemical signals in real time. This robust
tool can therefore be used to increase our understanding of the regula-
tory mechanisms and specific roles of the dopaminergic system under
both physiological and pathological conditions.

Materials and methods are available in the supplementary materials.
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