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Neuromodulator and neuropeptide sensors and probes for
precise circuit interrogation in vivo
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2Department of Neurology, School of Medicine, University of California, Davis, Sacramento, CA
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Abstract

To determine how neuronal circuits encode and drive behavior, it is often necessary to measure
and manipulate different aspects of neurochemical signaling in awake animals. Optogenetics and
calcium sensors have paved the way for these types of studies, allowing for the perturbation and
readout of spiking activity within genetically defined cell types. However, these methods lack

the ability to further disentangle the roles of individual neuromodulator and neuropeptides on
circuits and behavior. We review recent advances in chemical biology tools that enable precise
spatiotemporal monitoring and control over individual neuroeffectors and their receptors in vivo.
We also highlight discoveries enabled by such tools, revealing how these molecules signal across
different timescales to drive learning, orchestrate behavioral changes, and modulate circuit activity.

A central goal in molecular systems neuroscience is to determine what circuits, molecules,
and proteins are responsible for driving behaviors of interest (1). The development of
genetically encoded fluorescent indicators and their use in vivo in animal models allows
visualization of spiking activity through the monitoring of intracellular calcium influx (2) or
voltage-dependent membrane protein conformational changes (3) in response to an animal’s
surrounding environment. Then, tools such as optogenetics (4) and chemogenetics (5-7)
can be used to perturb these natural signaling dynamics to determine how they contribute

to behavior. These established toolboxes of genetically encoded actuators and sensors,

in combination with advanced viral targeting strategies (8), have transformed our ability

to interrogate the functional roles of specific neuronal pathways and cell types in the
mammalian brain.

However, numerous other types of signaling within neuronal circuits are involved in driving
learned and innate behaviors—including neuromodulator and neuropeptide signaling.
Neuromodulators and neuropeptides primarily act upon G protein-coupled receptors
(GPCRs), which are a large superfamily of membrane proteins with a highly conserved
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structure consisting of seven transmembrane helices, three extracellular loops and three
intracellular loops, and an intracellular C terminus, which interacts with G protein subunits
(9). Ligand binding to the extracellular N terminus of the receptor induces a conformational
change, leading to G protein activation and dissociation and the initiation of intracellular
signaling cascades that modulate excitability, synaptic strength, and other network properties
(10-13). Neuromodulators such as dopamine, serotonin, acetylcholine, and norepinephrine
play critical roles in regulating behavioral brain states related to motivation (14), mood

(15), and alertness (16). They also modulate synaptic plasticity to facilitate various types of
learning (17). In addition, there are more than 100 known distinct neuropeptides (18), which
are released by different neuronal cell types (19, 20). Neuropeptides are crucial for driving
metabolic states, including hunger (neuropeptide Y) (21-23) and thirst (angiotensin I1) (24,
25), and for driving innate behaviors such as maternal care (oxytocin) (26, 27).

Despite their importance in modulating behavior and neuronal circuit activity, until
recently, relatively few technologies existed that enabled the study of neuromodulator and
neuropeptide signaling within cell types in behaving animals (28-30). Several challenges
specific to the diversity of their receptor targets, their release mechanisms, and their
transmission properties in the brain (19, 31) hindered the development of such technologies.
First, a given neuromodulator or neuropeptide can bind multiple receptors present across
different brain regions. For example, dopamine can bind five different receptor subtypes
(32), which recruit different G proteins and are associated with distinct behavioral
phenotypes (33, 34). Second, neuromodulators and neuropeptides can be released by many
types of neurons in different brain regions and are often co-released with several other
neurochemicals (35-38). Third, unlike fast-acting neurotransmitters, both neuromodulators
and neuropeptides can signal through volume transmission, traveling perisynaptically to bind
their receptors (39). Moreover, whereas neuromodulators are typically released from small
clear vesicles at axon terminals, neuropeptides are packaged into dense core vesicles that
can be released from the soma, axons, or dendrites (19), making detection of their sparse
release in vivo challenging. Therefore, recording or manipulating the spiking output of

any given cell type alone is not sufficient to determine the signaling properties of specific
neuromodulators or neuropeptides. Instead, it would be ideal to have tools that can monitor
distinct classes of signaling molecules within a given brain region, and tools to manipulate
the associated receptor signaling pathways in a temporally specific and cell type specific
manner. In this review, we will focus on new tools leveraging chemical biology that enable
us to record when and where neurochemicals are released, and to causally induce ligand
and receptor signaling in awake and behaving animals. We will also highlight how these
technologies allowed us to elucidate key physiological and pathological brain functions,

as well as what future advancements are on the horizon for targeting and monitoring
neurochemical signaling in vivo across the brain.

Sensing neuromodulators and neuropeptides

Fast-scan cyclic voltammetry has been considered the gold standard to measure
neuromodulator release in awake and behaving animals (28, 30, 40). But despite having
fast kinetics, it lacks the cellular and spatial specificity of genetically encoded activity
probes, and it is difficult to isolate the release of individual neuromodulators because of
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their structural similarity and overlapping oxidation profiles. Biological sensors, including
cell-based neurotransmitter fluorescence engineered reporters (CNiFERs) have also been
developed to detect neuromodulator binding in vivo (41, 42); however, these require the
infusion of genetically modified cells into the brain. With the advent of transgenic mouse
strains for targeting specific neuromodulator- or neuropeptide-releasing cell populations, it
became feasible to record the spiking activity of these cells in vivo by using optotagging

and electrophysiology (43) or by using a calcium indicator and fiber photometry (44-46) or
single-cell imaging (47, 48). Unfortunately, these approaches cannot provide a readout of the
timescales and locations of neuromodulator or neuropeptide release.

Here, we describe a new generation of sensors that allows for the imaging of
neuromodulator and neuropeptide dynamics in vivo. We also describe different classes of
GPCR integrators, which have the capacity for stably tagging and manipulating neurons that
have undergone receptor activation during a behaviorally-relevant time window.

Fluorescent neuromodulator and neuropeptide sensors

Three main classes of fluorescent neurochemical sensors adopted for use in mammalian
brain tissue will be discussed here: (i) periplasmic binding protein (PBP) based sensors
using the sensing fluorescent reporter (SnFR) design, (ii) GPCR-based sensors using the
GPCR activation-based (GRAB) and Light designs, and (iii) functionalized single-wall
carbon nanotubes (SWCNTSs) (Fig. 1A).

PBP-based sensors.—One of the earliest engineered fluorescent sensors to image
neurochemical release in vivo is iGIUSNFR (49), which has since been optimized to enable
the detection of glutamate release after a single action potential (50-52). This sensor
utilizes a ligand-binding scaffold of a bacterial PBP, in this case Glt1, fused to a circularly
permutated green fluorescent protein (cpGFP) located outside the extracellular membrane.
Upon binding glutamate, a conformational change in the ligand-binding pocket increases
the fluorescence of the cpGFP. PBPs, such as the one used in iGIUSnFR, are attractive
scaffolds for detecting neurochemicals for a number of reasons. First, because they come
from bacterial organisms, they are unlikely to interact with any endogenous signaling
pathways in model organisms or bind drugs that interact with these pathways (53, 54).
Furthermore, they exhibit large conformational changes upon binding and thus have a large
dynamic range (55). Using this backbone, SnFR tools have been expanded to image the
dynamics of other neuromodulators and neurotransmitters, such as acetylcholine [iIAchSnFR
(53)] and -y-aminobutyric acid (GABA) [(iGABASNFR (56)].

A disadvantage with PBPs is that there are few that target neuromodulators present in
model organisms, such as dopamine and serotonin. To overcome this limitation, machine
learning techniques have been used to redesign the binding pocket of iAchSnFR to instead
bind serotonin, giving rise to iSeroSnFR (57) (Fig. 1B). iSeroSnFR can detect endogenous
serotonin release during behaviors such as sleep and fear learning. Studies have used it

to reveal serotonin dynamics in the central amygdala during fear learning and recall (58),
changes in serotonergic release in the orbitofrontal cortex after early life stress (59), and
serotonin release in the nucleus accumbens (NAc) during social interactions (60). However,

Science. Author manuscript; available in PMC 2024 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Muir et al.

Page 4

despite the success of SnFR sensors, re-engineering PBPs to bind a variety of different
neuromodulators or neuropeptides remains a considerable challenge.

GPCR-based sensors.—Alternatively, GPCR modules can be used as ligand-binding
scaffolds, as is the case with GRAB and Light sensors. GPCRs act as suitable sensor
scaffolds, given the ability to tune their specificity and affinity for endogenous ligands
through protein engineering. dLightl, a genetically encoded dopamine sensor, was
developed by inserting a cpGFP into the third intracellular loop of the human type 1
dopamine receptor (61), effectively coupling a dopamine-induced conformational change
to an increase in fluorescence emission. The cpGFP insertion site also blocks endogenous
G protein binding, so that these sensors do not induce intracellular signaling cascades.
dLight1 was validated in vivo by recording elevated fluorescence emission in response

to reward, reward-predicting cues, and stimulation of dopamine releasing neurons (61). It
has also been applied by other groups to demonstrate the role of dopamine in encoding
saliency in the NAc core (62) and to elucidate dopamine dynamics in the dorsal and ventral
striatum during self-paced exploratory behavior (63). By replacing the dopamine receptor
component with other GPCRs, additional sensors for norepinephrine (64), serotonin (65,
66), and neuropeptides such as opioids (61, 67), gastrin-releasing peptide (68), and orexin
(69) have also been engineered for in vivo use (Table 1).

GRAB sensors, which were developed at the same time as Light sensors, use a strategy
similar to that of Light sensors. Both sensor classes are widely used to record neurochemical
dynamics in vivo, differing mainly in the specific receptor subtypes used as scaffolds.
GRABpAa1 is an engineered human type 2 dopamine receptor also with a cpGFP inserted
into its third intracellular loop. The original GRABpa; Variants were used in mice to image
dopamine dynamics during aversive and rewarding stimuli, during male mating behaviors
(70), and during sexual receptivity (71). Through modifications to the cpGFP and the

use of different engineered dopamine receptors, the GRABpa sensors have since been
improved to generate GRABpa2 (72) and gGRABpag3 variants (73). GRAB sensors have
also been modified to detect the release of other neuromodulators, such as serotonin (Fig.
1C) (74, 75), acetylcholine (76, 77), and norepinephrine (78, 79). More recently, sensors
have been designed for several neuropeptides as well, although only the somatostatin (SST)
and corticotropin releasing factor (CRF) sensors (80) and the oxytocin sensor (81) have been
tested so far in vivo (Table 1).

One limitation of these initial sensors was the lack of color-shifted variants, thus making

it challenging to perform multiplexed imaging of different neurochemicals. Recently, a
red-shifted RdLight1 (82) was introduced and combined with iGIuSnFR to image both
glutamate and dopamine dynamics in NAc. Red shifted nLightR (64), AChLightR (64),
rGRABpa Versions 1 to 3 (72, 73), and rtGRABs.411 0 (75) have also been engineered.
However, a caveat to mApple-based fluorescent sensors such as RdLightl and rGRABpa3
is that they exhibit photoswitching when activated by blue light, leading to artifactual shifts
in the fluorescent signal that resemble neuromodulator signaling (73, 83). The rGRABs.
HT1.0 (75) as well as the rtGRABpa1 and rGRABpa variants (73) have shown negligible
photoactivation in cultured neurons (with the potential for a small negative-going photo
artifact at higher blue light intensities). Thus, it is necessary to optimize the design of these
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sensors and carefully validate their performance in vivo before use for dual-color imaging
and optogenetics.

SWCNT sensors.—Nanosensors represent another class of fluorescent sensors; they are
not genetically encoded but have the advantage of emitting in the near-infrared (nIR)
spectrum, potentially allowing for non-invasive imaging in the future (84). They consist of

a backbone of polymer-functionalized semiconducting SWCNTSs onto which single-stranded
oligonucleotides are pinned, giving the sensor affinity for specific ligands. Beyenne et al.
(85) used this design to create nIRCats, a nIR fluorescent sensor for catecholamines such

as dopamine and norepinephrine. nIRCats demonstrated high affinity and sensitivity for
dopamine after optogenetic stimulation of dopaminergic terminals (85). The same group
designed a similar probe for serotonin, nIRHT, which proved effective ex vivo in mouse
slice (Fig. 1D) (86). However, this tool has not yet been implemented in vivo in the brain.
More recently, Xia et al. designed a nanosensor for Ach, which they used in vivo to measure
Ach release in the peripheral nervous system (87). These nanosensors are fully synthetic
and bioorthogonal, which make them well-suited for use in non-model organisms lacking
genetic-targeting strategies. But a trade-off of theses sensors is that it is not possible to target
them to specific cell types.

Applications of fluorescent sensors for biological discovery.—Both dLight and
GRABpa, the first described GPCR sensors for dopamine, have now been broadly adopted
in numerous biological settings. In addition, newer sensor variants have also been used

to study the in vivo release of neuropeptides and other neuromodulators during specific
behaviors. Recently, the delta-opioid receptor sensor, DeltaLight (67), was targeted to the
arcuate hypothalamic nucleus (ARC) in mice to monitor opioid levels after feeding (Fig.
2A,B) (88). Although it was known that consuming palatable food increases endogenous
opioid release in mice [as measured through serum and cerebrospinal fluid (89)], the precise
dynamics and location of opioidergic signaling during food consumption had yet to be
explored. Using deltaLight fiber photometry recordings, Sayar-Atasoy et al. showed that
opioidergic signaling in the ARC increased during feeding in fasted mice, but not in ad
libitum fed mice (Fig. 2C,D). As expected, consumption of palatable food still increased
signaling in ad libitum fed mice. These data demonstrated that opioidergic signaling in the
ARC is sensitive to feeding on the basis of either the nutritional status of the animal, or the
palatability of the food.

Another recent study used the norepinephrine sensor GRABng (78) in the cerebellar vermis
of mice to study dynamics of norepinephrine release during fear learning (90). Previous
immunohistochemistry studies had mapped tyrosine hydroxylase axon terminals in the
cerebellum (91); however, it remained unclear what role cerebellar norepinephrine played

in learning. Stanley et al. (90) recorded GRABNE activity in the cerebellum using by fiber
photometry during a cued-tone fear conditioning paradigm (Fig. 2E,F). They found that
although there was initially no norepinephrine response to the tone prior to learning, after
fear conditioning, the tone elicited an increase in cerebellar norepinephrine release (Fig.
2G,H). These data show that fear learning can induce changes in norepinephrine signaling in
the cerebellum, providing an important neuronal substrate to consider during fear learning.
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Lastly, several sensors have been engineered to detect drug-induced changes in
neurochemical signaling. psychLight2 (66), a fluorescent sensor based on the serotonin type
2A receptor (5-HT2AR), measures the binding dynamics of serotonergic psychedelics and
can predict the behavioral head-twitch potency—a potential indication of hallucinations—of
these drugs in mice. This sensor was used to screen for a non-hallucinogenic psychedelic
analog with antidepressant-like effects. Additionally, the kLight sensor (67), which is based
on the kappa-opioid receptor, was used to track morphine withdrawal-induced dynorphin
release in the prefrontal cortex (92). Thus, these sensors are useful not only for monitoring
endogenous neuromodulator and neuropeptide release but also for performing novel drug
discovery and for tracking receptor-binding dynamics of different drugs in vivo (Table 1).

Real-time fluorescent sensors are powerful tools for recording in vivo neurochemical
dynamics during behavior. However, their activity readout is transient, and they do

not provide the ability to subsequently manipulate or investigate the subset of neurons
undergoing GPCR activation. Furthermore, because of imaging constraints, it is not
currently feasible to perform whole-brain sensor imaging in the mammalian brain. Instead,
integrators stably tag neurons undergoing GPCR activation during user-defined time
windows, allowing for the expression of fluorescent tags or optogenetic channels for
subsequent manipulation and investigation.

Transcriptional integrators.—Two transcriptional variants of GPCR-based integrators
have been described thus far: SPARK (93, 94) and iTango2 (95). Both of these integrators
are built off of the TANGO system (96), which has been extensively applied in cultured
cells to identify drug-GPCR interactions. Thus far, only iTango2 has been applied in vivo
(95). In both approaches, the C terminus of a GPCR is fused to a blue light-sensing protein,
AsLOV2, which cages a tobacco etch virus (TEV) protease cleavage site that lies upstream
of a non-native transcription factor. In the presence of blue light, AsLOV2 undergoes a
conformational change to render the TEV cleavage site accessible for cleavage, but only

if the TEV-protease is nearby. To bring the TEV protease within close proximity of its
cleavage site in a ligand-dependent manner, the TEV protease is fused to a p-arrestin
protein (which is recruited only to ligand-activated GPCRS). In the iTango2 design, a split
version of the TEV protease is used to further reduce background protease activity—with
the C-terminal half of TEV tethered to S-arrestin, and the N-terminal half of TEV inserted
between the GPCR and the AsLOV2. Thus, in iTango2, the split TEV protease is only fully
reconstituted upon ligand-GPCR activation (Fig. 3A). For both tools, in the presence of
blue light and ligand-GPCR activation, the TEV protease cuts its cleavage site, releasing
the transcription factor from the membrane so that it can enter the nucleus and drive
reporter gene activation. The light inducibility of these tools renders them to be temporally
specific, meaning that they can tag cells that are undergoing GPCR modulation within an
experimenter-defined time window.

One of the first iTango2 applications in vivo was designed for the dopamine type 2 receptor
(DRD2-iTango2; Fig. 3B). Lee et al. (95) tagged cells in the central striatum during either
reward consumption or locomotion and expressed a channelrhodopsin for future reactivation.
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Stimulation of locomotion but not reward cells reliably increased the speed of movement,
suggesting functionally-specific tagging (Fig. 3C,D). Since that study, an oxytocin receptor
iTango2 system has also been described (OXTR-iTango2), which was used to tag neurons in
the paraventricular nucleus of the hypothalamus that are activated during social interaction
(97), as well as neurons in the ventral tegmental area to quantify elevated oxytocin signaling
during pup calls leading to pup retrieval from mothers (98).

Unlike sensors which can only provide a readout of moment-to-moment neurochemical
signaling, transcriptional integrators enable genetic access to cells targeted by
neuromodulators, thus allowing tagging for post-mortem ex vivo studies such as RNA
sequencing, proteomics, and electrophysiology. These tools provide the potential to isolate
functional populations of cells and integrate behavioral studies with molecular and synaptic
plasticity metrics. However, they are limited by slow integration times, requiring ~1 hour
of light and neuromodulation to activate the construct (95). Furthermore, translation of
tetracycline-responsive element (TRE)—dependent genes requires ~1 day after activation
(95), meaning that the acute molecular signatures associated with specific behavioral states
are unlikely to be present. Moreover, because they are blue light-dependent, they are
restricted to one or a few brain regions.

Fluorescent protein integrators.—As an alternative to transcriptional reporters,
recently Kroning et al. developed an indicator called M-SPOTIT (single-chain protein-based
opioid transmission indicator tool), which measures activation of the p-opioid receptor
(LOR) (99, 100). M-SPQOTIT fuses the C terminus of pOR to cpGFP and Nb39, a Gi-mimic
nanobody that also interacts with cpGFP to inhibit its fluorophore maturation (Fig. 3E).
When UOR is activated by a ligand, Nb39 binds to the GPCR instead, thus allowing cpGFP
to mature and fluoresce. The group then extended this design to additional GPCRs, creating
the SPOTall design, initially validated for p,-adrenergic receptor (oAR) (101). Because
Nb39 is specific to the HOR binding pocket, they added a conformation-specific nanobody
for B2AR (Nb80) between the cpGFP and Nb39 (Fig. 3E). Nb80 binds only to the activated
B2AR, thus releasing Nb39 from the cpGFP and allowing it to mature. This design can

be potentially applied to any GPCR with the appropriate nanobody/receptor pair, and the
authors have validated SPOTall designs for additional receptors in vitro. Both an improved
M-SPOTIT2 and B,AR-SPOTall have been successfully tested in vivo (Fig. 3F,G).

These tools have a large dynamic range of fluorescence and require only ~30 s of receptor
agonism to drive fluorophore activation. However, the incubation period required for cpGFP
maturation is ~8 hours, resulting in a delay before signal readout. The SPOTall design also
has the potential to initiate endogenous GPCR signaling cascades. Furthermore, because
there is no temporal gating with these tools (compared with the blue light-gating used in
iTango2), these probes are limited in terms of their dynamic range, given the potential for
background labeling.

In general, although GPCR integrators are not as established tools as real-time GPCR
sensors, the in vivo success of activity-based integrators of immediate early genes (102-104)
or intracellular calcium (105-108) suggests that these tools are likely to become widely
used in the future. Further improvements are still needed to increase the dynamic range
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of these tools and reduce background labeling in response to basal or tonically released
neurochemical levels.

Manipulating neurochemical signaling during behavior

The aforementioned tools have given us insight into the behaviorally-relevant dynamics

of neuromodulator release in vivo; however, these sensors do not allow for the causal
investigation of specific neuromodulators during behavior—which would require the ability
to manipulate either the ligand or the corresponding GPCR in a circuit-specific manner.
Administration of synthesized agonists into the brain through a systemic cranial injection
has been widely used to study the behavioral effects of neurochemical signaling in vivo
(109). However, this approach lacks spatial and cell-type specificity, and implies the use

of non-physiological local concentrations of the agonist. As an alternative, optogenetic
stimulation of the subset of neurons that produce a given neuromodulator or neuropeptide
can be used to drive neurochemical release (110), but this approach is confounded by the
fact that most neurons co-release multiple neuromodulators and neuropeptides (111). Thus,
there is a need for new synthetic drug- and light-gated probes and receptors that enable the
timed released or modulation of a specific neurochemical or associated downstream receptor
in behaving animals.

Engineered GPCR actuators

There are two main types of engineered GPCR actuators that have been widely adopted
for use in neuronal circuit studies in vivo: (i) synthetic ligand-activated GPCRs, and (ii)
light-activated chimeric GPCRs (Fig. 4A).

Synthetic ligand-activated GPCRs.—Chemogenetic tools such as designer receptors
exclusively activated by designer drugs (DREADDSs) have been used as a noninvasive
approach to modulate neuronal communication in vivo for well over a decade (5, 6, 112).
These engineered GPCRs respond only to a synthetic ligand, clozapine-N-oxide (CNO).
DREADDs were developed by performing directed evolution and rational engineering of
various muscarinic acetylcholine receptor subtypes, which recruit different G-proteins to
alter excitability in either direction (5, 113). Subsequently, a few additional DREADDs have
been developed by using different GPCRs for in vivo use, including KORD (which is based
on the k-opioid receptor that recruits Gi G proteins in response to salvinorin B) (114) and
rM3Ds (which is based on a chimeric muscarinic/B-adrenergic receptor that recruits Gs G
proteins in response to CNO; Fig. 4B) (115). An improved synthetic ligand, C21 (116), has
also been reported to have fewer off-target effects and increased specificity for DREADDs.

Although DREADDs have been widely used in systems neuroscience as a general tool to
either increase or decrease excitability within neuronal circuits (6, 117), thus far there is
lack of availability for a broader variety of DREADDs across many different GPCRs—as
there are with the fluorescent GPCR sensors—in part owing to the immense challenges in
evolving GPCRs to gain specificity for an otherwise inert ligand.

Light-activated chimeric GPCRs.—As an alternative to the DREADDSs approach, light-
activated rhodopsin/GPCR chimeras (or OptoXRs) enable shorter time scales of GPCR
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activation, and are designed to mimic the signaling mechanisms of several different types
of endogenous receptors (118). OptoXRs are engineered by creating a chimera of bovine
rhodopsin with the intracellular loops and C-terminal tail of an endogenous GPCR to allow
for blue light-dependent modulation of receptor signaling (Fig. 4C) (119). Some of the

first OptoXRs have been engineered for in vivo studies on a1- and B,-adrenergic receptors
(Optoa.1AR and Optop,AR), which couple Gg and Gs G proteins, respectively (120). These
OptoXRs maintained the biochemical signaling specificity of their endogenous counterparts
(121) and could drive receptor-specific changes in neuronal firing and animal behavior. For
example, Optoa AR activation in the NAc drove elevated neuronal firing and conditioned
place preference, whereas Optop,AR activation in the NAc drove a reduction in overall
neuronal firing and no change in preference for the stimulation side.

Subsequently, numerous other OptoXRs and similar light-activated chimeric GPCRs have
been developed for use in neuronal circuit studies during behavior (118), including for the
dopamine type 1 receptor OptoD1 (44), adenosine 2A receptor OptoA,aR (122), and pOR
OptoMOR (123). Recent work has also identified new Gi-coupled light-activated GPCRs
based on parapinopsin (124), mosquito rhodopsin (125), and a ciliary opsin (126), which
exhibit stable photoswitching properties that enable robust synaptic inhibition in vivo. Future
studies could incorporate these Gi-coupled GPCRs as light-activated scaffolds to engineer
improved OptoXRs.

Biological applications of GPCR actuators to reveal neurochemical signaling.
—OptoXRs have been used in several contexts to elucidate how cell-type specific GPCR
activation can modulate changes in intracellular signaling, firing, and overall animal
behavior. The same OptoXR can recruit distinct downstream signaling pathways when
activated in different brain areas, and as a result can also drive different behaviors. For
example, Siuda et al. (127) showed that Opto5AR activation in CaMKlla neurons in

the basolateral amygdala (BLA), but not OptoBAR activation in all hSyn neurons in the
central amygdala (CeA), drives sustained anxiogenic behavior in mice. However, OptoAR
activation in the BLA did not drive conditioned or real-time place aversion, suggesting that
BAR signaling in BLA-CaMKIlla neurons could be specific to anxiety and not general
aversion. This finding is intriguing given that optogenetic stimulation of BLA-CaMKlla
spiking activity robustly drives fear learning (128), and could indicate that mechanisms
independent of B,AR signaling in BLA neurons may mediate avoidance behaviors.

Another study by Li et al. (122) developed OptoA,aR to study the effects of adenosine

2A receptor signaling across different brain regions in mice. They found that OptoA,aR
activation in the hippocampus recruits phosphorylated-CREB signaling, whereas OptoAsaR
activation in the NAc instead recruits phosphorylated-MAPK signaling [CREB, cyclic
adenosine monophosphate (CAMP) response element-binding protein; MAPK, mitogen-
activated protein kinase]. Associated with these distinct biochemical changes, OptoAsaR
stimulation in the hippocampus selectively impaired memory performance in a modified
Y-maze test, whereas stimulation in the NAc did not impair memory performance in the
same task, but instead enhanced locomotor activity.
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Lastly, a recent study by Chowdhury et al. (129) used OptoD1 (44) to study how locus
coeruleus-to-dorsal hippocampal (LC-dCA1) dopamine release modulates memory linking.
First, they used a chemogenetic hM4Di DREADD in LC-dCA1 neurons, and found that
silencing this projection disrupted fear memory linking across two different contexts
experienced closely together in time. Because this circuit co-releases norepinephrine and
dopamine, the authors asked whether activation of dopamine receptor signaling alone was
sufficient to rescue memory linking deficits. They coupled hM4Di LC-dCAL1 inhibition

with optogenetic dopamine receptor activation by using OptoD1 and found that OptoD1
stimulation restored memory linking across the two contexts despite simultaneous LC-dCA1
inhibition (Fig. 4D,E).

These studies emphasize the spatiotemporal control of receptor signaling enabled by these
new tools and highlight their ability to be used concurrently with other chemogenetic
actuators to examine neuronal circuit mechanisms underlying behavior. They also represent
examples in which broad optogenetic activation of a given neuronal cell type alone would
have been insufficient to determine the cellular mechanism underlying an acute change in
behavioral state or role in learning and memory.

Photocaging of GPCR ligands and neuropeptides

Although chemogenetics and OptoXRs enable the activation of an engineered GPCR in

a given brain region or cell-type, one potential caveat is that these recombinant receptors
might not fully mimic the natural signaling of the natively expressed receptors. One relevant
question is whether these modified receptors are trafficked to the same subcellular locations
as their endogenous counterparts when expressed virally. Furthermore, in some cases, it is
not possible to restrict their expression only to the genetically defined cell-types that express
the natural receptor. Instead of engineering activatable receptors, others have designed
chemically modified receptor neuroeffectors (photoactivatable ligands) to allow for precise
control over the release of a specific neuromodulator or neuropeptide (Fig. 5A).

Ligands can either be designed to be photoswitchable or photocaged. Photoswitchable
ligands reversibly become “active” in response to one wavelength of light, and then become
“inactive” in response to another wavelength of light (130). Photocaged ligands are inactive
in the dark state, and then become irreversibly active upon photolysis and removal of

a sterically hindering chemical group (131). Numerous different diffusible and tethered
photoswitches have been developed for GPCRs and ion channels for use in neuron culture,
invertebrates, larval zebrafish, and mouse (118, 132). Here, we will focus on photocaged
ligands that have been adopted for use in mammalian circuits to study neuromodulator and
neuropeptide signaling in vivo.

Photocaged endogenous ligands.—Several photocaged neuromodulators and
neuropeptides have been described for application in vitro or ex vivo in mammalian

brain tissue, including a photocaged dynorphin A(1-8) (133), [Leu®]-enkephalin (133,
134), dopamine (135, 136), orexin-B (137), and others (138). One of the first endogenous
neuropeptides to be caged and applied in vivo is a caged oxytocin (139). Endogenously
released oxytocin plays a vital role in maternal physiology and social behavior (140).
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However, it has been challenging to isolate its action within specific neuronal circuits, given
the complex mechanisms by which it travels throughout the brain (141). Thus, to allow

for spatiotemporal control of oxytocin signaling in vivo, Ahmed et al. (139) developed

a photocaged oxytocin neuropeptide (cOT) by substituting in a modified unnatural amino
acid at various key residues of the molecule. The final cOT1 design replaced a tyrosine
residue with an ortho-nitrobenzyl-tyrosine, which undergoes photolysis within milliseconds
upon treatment with ~405-nm ultraviolet (UV) light. Whereas the caged cOT1 is effectively
inactive at the oxytocin receptor, the uncaged cOT1 has a similar affinity for the oxytocin
receptor as the endogenous neuropeptide. To demonstrate its utility, the scientists injected
cOT1 into the auditory cortex of pup-naive female mice and delivered 0.5-s of uncaging
LED light through an opto-fluidic implant. Mice receiving cOT1 uncaging exhibited
accelerated pup retrieval compared with control mice receiving no LED light (139).

Photocaged drugs.—In addition to caging endogenous neuropeptides, others have also
photocaged synthetic GPCR agonists and antagonists, such as the synthetic opiates DAMGO
(142) and oxymorphone (143), and the opioid receptor antagonist naloxone (143, 144).
Opioids are a class of clinically relevant analgesic drugs that bind opioid receptors in

the brain. Although critical for pain management, they also have high potential for abuse
and addiction, among other adverse effects. However, it can be challenging to study the
mechanisms underlying their action because of the fact that these drugs diffuse throughout
the brain on slow timescales. McClain et al. (143) developed a photocaged oxymorphone
(PhOX; Fig. 5B) and naloxone (PhNX) to enable precise control over opioid release and
binding across various brain regions in vivo. To make these drugs UV light-activatable,

a dimethoxynitrophenethyl (DMNPE) caging group was used, which preserved the blood
brain barrier penetrance of the caged drugs. The required duration of UV light in vivo is
extremely brief (a single 200-ms flash) and allows for compatibility with other commonly
used red and green fluorescent in vivo imaging probes.

To demonstrate the temporal specificity that could be achieved with PhOX, the authors
compared locomotion changes induced by various concentrations of systemic oxymorphone
injections, versus PhOX photoactivation in the ventral tegmental area (VTA). Mice displayed
an increase in locomotion within <5 s of the first UV light flash with PhOX, whereas
systemically administered morphine slowly induced locomotion changes over several
minutes (Fig. 5C,D). PhOX-driven locomotion changes were abolished in mice treated

with systemically administered naloxone, or treated with PhOX and PhNX together. This
study also showed that PhOX and PhNX are compatible with real-time GPCR sensors for
simultaneous measurements of neuronal circuit function in vivo. A critical question when
studying the effects of opioids for clinical use is how repeated opioid use produces tolerance,
thus requiring elevated dosage for pain treatment and enhanced potential for abuse. To ask
whether prolonged MOR activation in the VTA alters mesolimbic dopamine signaling, the
authors recorded dopamine release in the medial shell NAc by using dLight1.3b (61) while
also acutely photoactivating PhOX in the VTA after multiple days of repeated morphine
administration (Fig. 5E). They demonstrated that NAc dopamine signaling in response to a
VTA-PhOX activation flash was diminished in mice that had undergone repeated morphine
treatment compared with that observed in saline controls (Fig. 5F,G). These findings showed
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that opioid sensitivity within the mesolimbic dopamine circuitry is reduced by prolonged
MOR activation.

The precise temporal resolution afforded by photocaged drugs/ligands provides sensitive
readouts of neurochemical action in the brain, which may be important for future
mechanistic studies and hypotheses. Furthermore, the compatibility of these photoactivatable
ligands with complementary methodologies for recording neuronal signaling makes them
particularly attractive for application in neuronal circuit studies. However, it should be noted
that proper experimental design and data interpretation is critical because caged ligands still
rely on dilution through diffusion and are only fully deactivated by cellular metabolism.

Conclusion

By bridging interdisciplinary approaches spanning chemistry, biology, and neuroscience,
researchers have created a suite of technologies for exploring how neuromodulation and
neuropeptide signaling in the brain modulates neuronal circuitry and animal behavior. These
tools have started to reveal the exquisite roles that these molecules and their downstream
receptors play in regulating both innate and learned behaviors. Looking to the future,
multiplexed recording or manipulation of multiple molecules at once may reveal new
principles of how neuromodulators and neuropeptides alter circuit plasticity in specific
cell-types and at distinct subcellular locations. It will be critical to continue engineering
sensors and actuators with excitation and activation spectra that avoid overlap with existing
sensors for calcium, voltage, or neurotransmitters—for example, by using cp nIR fluorescent
proteins (145) or new HaloTag-based sensors with nIR fluorescent HaloTag ligands (146).
An additional limitation of existing sensors and actuators based on endogenous receptors is
that they cannot distinguish between the promiscuous binding of multiple neuromodulators
and neuropeptides to the same downstream receptor type. Machine learning- and artificial
intelligence-based engineering (57, 147) and de novo protein design (148) may enable the
creation of completely orthogonal tools that are tuned to only a single analyte and that can
still maintain genetic encodability and cell type specificity. In this review, we focused on
the application of these toolboxes in the central nervous system; however, it is important

to note that neuromodulators and neuropeptides are released throughout the body as well,
where they can have a profound effect on other systems, including the gut microbiome and
the immune system. Understanding the interplay of brain-body neurochemical signaling will
likely require novel tools that can function in the periphery as well as in the brain.
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Fig. 1. Fluorescent sensorsfor neuromodulator and neuropeptiderelease.
(A) Overview of main classes of sensor scaffolds used in brain tissue: 1. SnFRs are

composed of a ligand-binding domain based on bacterial periplasmic binding proteins
(PBP), which is fused to a circularly permutated GFP (cpGFP) and a transmembrane domain
(TM). The cpGFP is located extracellularly. Upon ligand binding, a conformational change
in the PBP binding pocket increases fluorescence emission of the cpGFP. 2. GRAB/Light
sensors fuse a cpFP within the third intracellular loop of a GPCR. Ligand binding induces a
conformational change leading to increased cpFP fluorescence. 3. Nanosensors are derived
from polymer-functionalized semiconducting single-wall carbon nanotubes (SWCNTS),
which are decorated with single stranded oligonucleotides that give the sensor affinity
for specific ligands. Ligand binding alters the innate fluorescence of the SWCNT. (B)
iSeroSnFR is a serotonin sensor based on an evolved PBP for acetylcholine. Because of
its fast kinetics, iSeroSnFR can be used to record acute changes in serotonin dynamics
during naturalistic behaviors such as aversive cue learning. Data shown from (57). (C)
GRAB 5-HT3.0 (available as both a green and red version) is an improved serotonin
sensor based on insertion of a cpFP into the third intracellular loop of the serotoning
type 4 (5-HT4R) subtype. With a high affinity for serotonin, it can be used in vivo to
monitor endogenous serotonin release. Either the red or green version can be combined with
optogenetics to enable simultaneous read-out and control of serotonin signaling in vivo. Data
shown from (75). (D) nIRHT is a SWCNT sensor for serotonin. It emits fluorescence in a
nIR window at around 1200 nm. It has been validated in ex vivo mouse slice during bath
serotonin application. Data shown from (86). See Table 1 for a list of genetically encoded
neuromodulator and neuropeptide sensors designed for mammalian neuronal circuit studies.
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Fig. 2. Application of sensorsto study neurochemical signaling in vivo.
(A) DeltaLight (67) is an engineered delta-opioid receptor that acts as a sensor for

endogenous enkephalin and p-endorphin neuropeptides. (B) DeltaLight was targeted to the
arcuate hypothalamic nucleus (ARC) by using an adeno-associated virus (AAV) injection to
monitor opioid levels after feeding using fiber photometry. (C,D) DeltaLight fluorescence
increases were observed in fasted mice after food presentation compared with presentation
of an inedible object. However, non-fasted mice fed ad libitum did not show an increase

in deltaLight fluorescence to food presentation. Data shown from (88). (E) GRABnE (78)

is an engineered adrenergic receptor which detects endogenously released norepinephrine
(NE). (F) GRAByE was injected into the cerebellar vermis of mice to record fluorescence
emission during fiber photometry. Mice underwent a cued fear conditioning learning
paradigm, and NE responses were recorded during the tone presentations. (G) There was an
increase in NE release to the tone after fear conditioning, as measured by the area under the
curve (AUC) of the GRABpE photometry traces. Data shown from (90). (H) Time course of
NE release during the tone during the recall session (compared with intertrial intervals with
no tone). Data shown from (90).
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Fig. 3. Molecular integratorsfor neuromodulator and neuropeptide release.
(A) iTango2 (95) is a transcriptional reporter system for detecting GPCR activation. In

response to blue light and ligand-GPCR binding, a protease-mediated cleavage event

occurs to release a membrane-bound transcription factor tTA. The tTA enters the nucleus
where it drives expression of a TRE::reporter gene, such as an opsin or an FP. (B)
DRD2-iTango2, B-arrestin2-TEV-C-TdTomato, and TRE::ChR2-EYFP viruses were injected
bilaterally into the central striatum, and a fiberoptic cannula was implanted for blue light
delivery. Water restricted mice were trained to run to receive a water reward. Blue light

was delivered either during reward or locomotion across 3 days to tag neurons undergoing
dopamine (DA) modulation. On a test day, blue light was delivered to activate ChR2-cells.
ChR2, channelrhodopsin-2; EYFP, enhanced yellow fluorescent protein. (C,D) TRE::ChR2-
EYFP expression was observed in mice tagged during either reward or locomotion.

ChR2 stimulation of locomotion-DA neurons drove significantly more locomotion behavior
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compared with ChR2 stimulation of reward-DA neurons. Data shwon from (95). (E) M-
SPOTIT and SPOTall (101) are integrators that rely on ligand-GPCR activation to drive

the maturation of a fluorescent protein. cpGFP is fused to Nb39, a nanobody that binds

the active p-opioid receptor, and also happens to inhibit the maturation of cpGFP in this
conformation. In M-SPOTIT, cpGFP-Nb39 is fused to the C terminus of the p-opioid
receptor. GPCR activation results in Nb39 binding, which no longer inhibits the cpGFP and
thus allows it to mature and fluoresce. In SPOTall, different GPCR conformation-specific
nanobodies (NbX) can be inserted between cpGFP and Nb39. Nb39 continues to block
cpGFP maturation at rest, but upon ligand activation, NbX binds the GPCR and disrupts the
Nb39-cpGFP interaction, resulting in enhanced GFP fluorescence. (F,G) SPOTall design for
B2AR was tested in the lateral hypothalamus (LH) of mice. Elevated GFP fluorescence was
observed in response to epinephrine (Epi) or isoproterenol (Iso) (which bind B,AR), but not
in response to saline. Data shown from (101).
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Fig. 4. Examining behavioral effectsusing drug- and light-activated chimeric GPCRs.
(A) Overview of two classes of engineered GPCR actuators for inducing neuromodulator

or neuropeptide receptor signaling in mammalian brain tissue. (B) General designs of
commonly used designer receptors exclusively activated by designer drugs (DREADDSs)
(6, 113). DREADD:s activate a specific downstream signaling cascade dependent on the
engineered receptor. (C) Design strategy for creating light activated GPCRs (OptoXRs)
(120). OptoXRs are engineered chimeras between a rhodopsin (which is activated by blue
light) and the intracellular loops of the desired endogenously present GPCR. Upon blue
light irradiation, the OptoXR undergoes conformational activation, triggering the native
downstream intracellular signaling cascades specific to the desired GPCR. Depicted is
OptoD1, which mimics DRD1 signaling in response to blue light (44). (D, E) Chowdhury
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et al. (129) simultaneously used an inhibitory DREADD and OptoXR to demonstrate the
role of a dopaminergic locus coeruleus-to-dorsal hippocampal (LC-dCA1) circuit in memory
linking. Whereas hM4Di inhibition of LC-dCA1 neurons disrupts fear memory linking
across two contexts, simultaneous OptoD1 stimulation can rescue the memory linking
deficits. CNO, clozapine-/N-oxide; Ctx A, context A; Ctx B, context B, Ctx C, context C
(neutral). Data shown from (129).
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Fig. 5. Photocaged ligands for spatiotemporal control of neurochemical signaling.
(A) Overview of photocaged ligands and peptides for acute neurochemical uncaging.

In the absence of light, photoactivatable ligands are unable to bind to their receptors
because of a photocleavable caging group. Light exposure cleaves off the caging group

and allows the molecule to bind to endogenous receptors to trigger downstream signaling.
(B) Chemical structure of a photocaged oxymorphone [PhOX (143)] before and after UV
light activation. (C,D) PhOX uncaging in the VTA activates p-opioid receptors and drives
immediate behavioral changes in locomotion. Data shown from (143). (E-G) Simultaneous
application of PhOX and a dopamine sensor, dLight1.3b (61), revealed how repeated
morphine injections modulate opioid-induced VTA-to-NAc dopamine signaling in vivo.
Dopamine release in the NAc was measured after acute PhOX activation in VTA at the naive
state (black), after 5 days of repeated saline (F) or morphine (G) injections (red), and after
4 days of abstinence from injections (blue). Mice undergoing repeated morphine injections
showed a reduction in VTA opioid-NAc dopamine coupling. Data shown from (143).
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Genetically encoded neuromodulator and neuropeptide sensors.
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A summary of recently developed fluorescent sensors for detecting neuromodulators, neuropeptides, or GPCR
agonists in mammalian brain tissue. For a given sensor, only the most recently improved variant that has been

validated is listed.

Neurochemical Sensor name | Initial in vivo validation in rodents Ref.
Neuromodulators
Acetylcholine (Ach) iAchSnFR visual cortex, motor cortex, hippocampus (53)
GRABAch3.0 basolateral amygdala, hippocampus, somatosensory cortex, visual cortex 77)
Dopamine (DA) dLight1.1 nucleus accumbens (61)
dLight1.2 frontal/motor cortex (61)
dLight1.3b nucleus accumbens (29, 61)
RdLightl nucleus accumbens (82)
9GRABpA3m substantia nigra pars compacta (73)
9gGRABpA3, motor cortex (73)
rGRABpaom medial prefrontal cortex, nucleus accumbens, basolateral amygdala (73)
rGRABpA3m medial prefrontal cortex, nucleus accumbens (73)
Histamine (HA) GRAB{a1m preoptic area (149)
GRABH{a1h medial prefrontal cortex (149)
Norepinephrine (NE) GRABNg2m locus coeruleus, medial prefrontal cortex, lateral hypothalamus, preoptic (79)
area, whole cortex
GRAB\E2R locus coeruleus, lateral hypothalamus (79)
nLightG lateral hypothalamus, dorsal hippocampus (64)
nLightR lateral hypothalamus (64)
Serotonin (5-HT) iSeroSnFR medial prefrontal cortex, dorsal striatum, orbitofrontal cortex, bed nucleus | (57)
of the stria terminalis, basolateral amygdala
psychLight2 dorsal raphe nucleus, bed nucleus of the stria terminalis, basolateral (66)
amygdala, orbitofrontal cortex, medial prefrontal cortex
sDarken prefrontal cortex (65)
9gGRABs 139 | Whole cortex, basal forebrain, basal amygdala (75)
rGRABs. 110 | Whole cortex, basal forebrain (75)
Neuropeptides
Corticotropin releasing factor (CRF) | GRABcgrr10 paraventricular nucleus, prefrontal cortex, motor cortex (80)
Dynorphins kLight1.3 arcuate nucleus, hippocampus, nucleus accumbens (67)
kLightl.3a nucleus accumbens (67)
Enkephalins; B-endorphin deltaLight arcuate nucleus, nucleus accumbens (67)
Gastrin-releasing peptide (GRP) grpLight auditory cortex (68)
Orexins (Ox) OxLightl nucleus accumbens, posterior insular cortex, basal forebrain, lateral (69)
hypothalamus, somatosensory cortex
Oxytocin (OT) MTRIAGT anterior olfactory nucleus, central amygdala (150)
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Neurochemical Sensor name | Initial in vivo validation in rodents Ref.
GRABQT10 bed nucleus of the stria terminalis, ventral tegmental area, paraventricular (81)

nucleus, prefrontal cortex
Somatostatin (SST) GRABssT10 basolateral amygdala (80)
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