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Mesoscopic Imaging of Neurotransmitters
and Neuromodulators with Genetically Encoded Sensors
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Abstract

Neurotransmitters (NTs) and neuromodulators (NMs) play vital roles in various physiological and patho-
logical processes. To better understand the transmission mechanisms of NTs or NMs (NTs/NMs), it is
critical to monitor the dynamics of NTs/NMs with high sensitivity, specificity, and spatiotemporal resolu-
tion. With recent advances in genetically encoded NT /NM indicators (GENIs) and mesoscopic imaging, it
is now possible to visualize the spatiotemporal dynamics of NTs/NMs in vivo on a large scale, even cover
the entire mouse neocortex, enabling simultaneous recording of multiple brain regions to further investi-
gate the relationship among different cortex regions. Here, we present an overview of the principle,
development, and application of GENIs, focusing on their joint utilization with mesoscopic imaging.

Key words Neurotransmitter, Neuromodulator, GENI, Sensor, PBP, GPCR, GRAB, Mesoscopic
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1 Introduction

As one of the most complex organs in our body, the brain plays
essential but diversified functions via interconnected neural net-
works consisting of billions of neurons and other cells, such as
glia. To decipher neural networks, it is critical to monitor neural
activities. The recording of neural activities has been revolutionized
by advances in voltage and calcium sensors, as discussed in previous
chapters, which deepens our understanding of neuromodulation.
However, mysteries are still embedded in the nervous system
because recording neural activities alone does not capture commu-
nications between different cells directly, particularly the molecular
dynamics during signal transmission in neural networks.

As we know, neurons communicate with each other via
synapses, including electrical synapses and chemical synapses.
Chemical synapses, as the predominant synapse, can release and
receive neurotransmitters and neuromodulators (NTs/NMs) for
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signal transduction [1]. Typically, NTs/NM:s are released from the
presynaptic terminal and bind to receptors on the postsynaptic cells,
regulating the excitability and gene expression of targeted cells.
There are over 100 different NTs/NMs, which can be classified
into acetylcholine (ACh), amino acids, monoamines, nucleotides,
neuropeptides, and neurolipids [2, 3]. The neurotransmission
mediated by NTs/NMs involves many critical physiological pro-
cesses, such as arousal, attention, appetite, sleep—wake cycles, per-
ception, emotion, reward, learning, and memory [4, 5]. In
contrast, the malfunction of neurotransmission is associated with
many brain disorders, including depression, addiction, anxiety, epi-
lepsy, schizophrenia, and even Alzheimer’s and Parkinson’s disease
[6-12]. So, there is an urgent need to monitor NTs/NMs with
high sensitivity, specificity, and spatiotemporal resolution, which
will enhance our comprehension of their functions and may also
provide valuable insights into the treatment of related diseases.
Various methodologies have been developed to detect
NT/NM dynamics, including traditional methods and newly
developed genetically encoded NT/NM indicators (GENIs),
which have been extensively reviewed elsewhere [2, 3, 13, 14]. Tra-
ditional methods show different limitations, in terms of sensitivity,
molecular and cell-type specificity, temporal and spatial resolution,
and invasiveness, particularly for in vivo detection. For example,
microdialysis has a relatively slow sampling rate, usually about
5-10 min; while fast-scan cyclic voltammetry (FSCV) struggles to
distinguish chemicals with similar structures; and electrophysiology
requires the application of receptor antagonists to verify molecular
specificity. In addition, these three methods are invasive and
low-throughput. Although some traditional genetically encoded
methods have already been developed, such as SNAP-tag based
indicator proteins with a fluorescent intramolecular tether (Snifits
[15]), cell-based neurotransmitter fluorescent engineered reporters
(CNiFERs [16]), and the TANGO assay [17], they still cannot
fulfill the in vivo detection requirements. In contrast, newly devel-
oped GENIs offer numerous advantages over traditional methods,
including high sensitivity, specificity, and spatiotemporal resolution
as well as less invasiveness (Fig. 1). These advantages are especially
significant when combined with mesoscopic imaging, which pro-
vides a large field of view (FOV) spanning millimeters at video
frame rate [18]. According to the Allen brain atlas, there are 43 iso-
cortical areas with distinct functions [19], such as visual, somato-
sensory, and motor cortex. By simultaneously imaging NT/NM
dynamics in different regions under different conditions, we can
gain a better understanding of their release patterns and relation-
ships. Moreover, multiple NTs/NMs can be simultaneously moni-
tored with multicolor GENIs in the same cortical region or even
same-color GENIs in different regions, benefited from the large
FOV of mesoscopic imaging. Overall, GENIs in combination with
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Fig. 1 Current methods for detecting neurotransmitters and neuromodulators. Several current methods are
evaluated in different aspects with corresponding scores. The higher score indicates better performance and
GENIs exhibit an overall superior performance. FSCV fast-scan cyclic voltammetry, Snifits SNAP-tag based
indicator proteins with a fluorescent intramolecular tether, CNiFERs cell-based neurotransmitter fluorescent
engineered reporters, GENIs genetically encoded neurotransmitters or neuromodulators indicators

mesoscopic imaging are a powerful technique for investigating the
intricate dynamics of NTs/NM:s in the brain.

In this chapter, we will introduce GENIs and their fundamental
concepts. Additionally, we will discuss how GENIs can be applied in
mesoscopic imaging, and provide an example to illustrate the pri-
mary workflow.

2 Genetically Encoded Neurotransmitter and Neuromodulator Sensors

2.1 Principles and
Properties of GENIs

Here, we will firstly provide a comprehensive overview of GENIs,
including their principles and properties. Next, we will summarize
general strategies for developing and optimizing GENIs to meet
the requirements for in vivo applications. Lastly, we will discuss
different methods for delivering GENIs to animals for whole cortex
expression and considerations when using GENIs for mesoscopic
imaging.

A GENTI usually consists of a recognition module and a reporter
module, typically connected by linkers (Fig. 2). The recognition
module binds the NT /NM molecules and induces conformational
changes, which can be transduced to the reporter module to report
signal changes by various readouts, such as fluorescence intensity.
So far, two main types of scaffolds have been employed as the
recognition module in GENIs, including periplasmic binding pro-
teins (PBPs) and G-protein-coupled receptors (GPCRs). PBPs of
gram-negative bacteria belong to a widespread protein superfamily,
capable of binding a variety of ligands [20]. Upon ligand binding,
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Components and principle of GENIs
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Fig. 2 Components and principle of genetically encoded NT/NM indicators (GENIs). A GENI consists of a
recognition module and a reporter module. Upon binding with NT/NM, it can change from the Apo (ligand-free)
to Sat (ligand-bound) state, producing changeable fluorescence signals. PBP periplasmic binding protein,
GPCR G protein-coupled receptor, FRET fluorescence resonance energy transfer, cpFP circularly permuted
fluorescent protein

PBPs change from a ligand-free open state to a ligand-bound closed
state, which can transduce large conformational changes to the
reporter module. In the past decades, a series of sensors have
been developed based on PBPs, such as glutamate [21-24],
GABA [25], ATP [26], ACh [27], and serotonin (5-HT) [28]
sensors. Another class of recognition modules are GPCRs, which
are the most prominent family of membrane receptors and can
detect most extracellular signaling molecules, including N'Ts/NMs
[29]. GPCRs share a highly conserved structure, composed of
seven transmembrane helices (TM1-TM?7), three extracellular
loops (ECLs) and three intracellular loops (ICLs), an N-terminal,
and a C-terminal. Upon binding its corresponding ligand, the
GPCR undergoes a conformational change from an inactive state
to an active state, leading to significant structural changes, particu-
larly between TM5 and TM6 [30]. After years of dedicated efforts,
many GPCR-based sensors have also been developed, such as ACh
[31, 32], dopamine (DA) [33-36], norepinephrine (NE) [37, 38],
5-HT [39-41], adenosine (Ado) [42, 43], adenosine 5’'-
-triphosphate (ATP) [44], and histamine (HA) [45] sensors.

Both PBPs and GPCRs have their own advantages and limita-
tions, including the following;:

1. PBP-based sensors can be expressed not only in the cell mem-
brane with some membrane-tethered motifs for detecting
extracellular NTs/NMs but also in the cytosol or some orga-
nelles for intracellular detections [28]. While most GPCR-
based sensors can only localize to cell membrane, which limits
their application in intracellular compartments.
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2. GPCR-based sensors inherit the pharmacological properties of

the endogenous GPCR, which may be a double-edged sword.
On the one hand, agonists or antagonists can be used to verify
signals of the sensor, serving as an internal control; on the other
hand, it is important to avoid using drugs that can directly
affect sensor performance when monitoring NTs/NMs
in vivo. However, this property can also be leveraged to screen
for drugs that can bind to endogenous GPCRs. For example,
using a 5-HTR2A-based sensor, PsychLight, Dong et al. suc-
cessfully identified a non-hallucinogenic psychedelic analog
[40]. In contrast, PBP-based sensors are less likely to be
affected by some drugs targeting GPCRs since PBPs are
derived from bacteria.

. GPCRs typically have affinities in accord with physiological
concentrations, making them more suitable for detecting
NTs/NMs in most physiological conditions. Moreover, for
some of NTs/NMs, there may be multiple subtypes of
GPCRs with varying affinities, which can be developed to
sensors with a wide range of affinities. For example, there are
12 subtypes of GPCRs for 5-HT with half-maximal effective
concentration (ECsp) ranging from nanomolar to micromolar
[46], which are appropriate for detecting 5-HT levels both in
physiological and pathological conditions [47—49]. Thus, a
variety of GPCR-based sensors with different affinities have
been developed, with ECsg ranging from nanomolar to micro-
molar [39—41, 50]. And in general, sensors with lower affinities
have faster off kinetics, which are more suitable for detecting
transients of NTs/NMs. In contrast to GPCR-based sensors,
most of PBP-based sensors have low affinities and fast off
kinetics.

. There are limited PBPs that can bind NTs/NMs, which
restricts the expansion of PBP-based sensors for most
NTs/NMs. It is possible to engineer the binding pocket of an
existing PBP to tune its selectivity for other NTs/NMs, as
demonstrated in one of the state-of-the-art works that a
5-HT sensor, iSeroSnFR, was redesigned from an ACh sensor,
iAChSnFR [28]. However, its sensitivity is still not satisfied for
in vivo detection of 5-HT dynamics. Moreover, it is quite
difficult and laborious to expand this strategy to other
NT/NMs for developing highly selective sensors. In contrast,
for most N'Ts/NMs, there is at least one endogenous GPCR
that can bind to NTs/NMs, making it more practical to
develop GPCR-based sensors for most NTs,/NMs.

The reporter module can be used to transduce conformational

changes of the recognition module into various signals, and fluo-
rescence is one of the most commonly used signals. This can be
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2.2 Development and
Optimization of GENIs

achieved by either a fluorescence resonance energy transfer (FRET)
pair or a single fluorescent protein (FP). The reporter module of a
FRET-based sensor consists of a FRET pair with both a donor and
an acceptor fluorescent protein, such as CFP and YFP [51]. The
conformational changes in the recognition module can alter the
distance and orientation between the FRET pair, thereby modulat-
ing the FRET efficiency and leading to changes in the fluorescent
intensity ratio between the donor and acceptor. FRET-based sen-
sors can be used as ratiometric sensors since they rely on two
spectral-distinct FPs, making them resistant to artifacts (e.g., move-
ment), and suitable for analyte quantification. However, FRET-
based sensors have limited dynamic range due to the steric hin-
drance of the bulky FP moiety, which prevents the FRET pair from
getting close enough to each other. For example, a FRET-based
5-HT sensor, named 5HT-CC, exhibited good membrane localiza-
tion and high selectivity to 5-HT, but only a ~4% increase in FRET
ratio in response to saturated 5-HT [52]. Nonetheless, no in vivo
application of SHT-CC has been reported yet, possibly due to its
insufficient sensitivity. Single FP-based sensors typically contain a
circularly permuted FP (cpFP) or split FP, and their fluorescence
intensities change with the conformational changes of the recogni-
tion module. And a circularly permutated enhanced green fluores-
cent protein (cpEGFP) is widely used in most single FP-based
sensors. Unlike FRET sensors, their dynamic ranges are not limited
by the FRET efficiency and can show relatively high response,
making them suitable for in vivo applications. For example, a
green fluorescent 5-HT sensor, named GRABs 1.0, can report
endogenous 5-HT release in flies and mice with over 50% fluores-
cence increases evoked by odor and MDMA application, respec-
tively [39]. Most single FP-based sensors are intensiometric, with
one excitation or emission peak. Thus, these intensiometric sensors
are also suitable for commonly used and low-cost imaging systems,
such as the fiber photometry recording system.

Considering that single FP-based sensors show good perfor-
mance and have been used in vivo, properties for most GENIs with
single chromophore are summarized in Table 1.

As mentioned above, GENIs consist of a recognition module, a
reporter module, and linkers. To develop a GENI, the first step is to
screen a well-performed recognition module and an appropriate
reporter module. Then, the best insertion site for the reporter
module should be scanned and some critical residues of the sensor
can be further optimized. The detailed workflow has been summar-
ized in other reviews using DA sensors as examples [2, 3,
53]. Using native GPCR as the recognition module, a series of
GENIs have been developed recently.

Here, we take the GRAB5 1 sensor [39] (GRAB stands for
GPCR activation-based) as an example to illustrate the typical
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a Workflow for GENI development and optimization
(based on GPCR)
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Fig. 3 Development and optimization of genetically encoded NT/NM indicators (GENIs). (a) Schematic diagram
depicting the general workflow for GENI development and optimization based on GPCR scaffolds, taking the
GRABs_111 0 Sensor as an example. (b) Development and optimization of GRABs._11 o (adapted from Wan et al.
[39]). () Performance of GRABs_u11 o in cultured rat cortical neurons (adapted from Wan et al. [39]). TM5/TM6
transmembrane domains 5/6, ICL3 the third intracellular loop, cpGFP/cpYFP/cpRFP circularly permuted green/
yellow/red fluorescent protein

workflow for developing and optimizing GENIs based on GPCR
scaffolds in details (Fig. 3a, b). To choose a suitable GPCR scaffold
as the recognition module (see¢ Note 1), several 5-HT receptor
subtypes have been fused with a cpEGFP, examining based on the
membrane trafficking and affinities. The 5-HTR2C-based sensors
showed the best membrane trafficking and was selected as the
scaffold. To better transduce the GPCR conformational changes
into the cpEGFP, insertion sites for ¢cpEGFP and linkers were
systematically screened. Since the N- and C-terminal linkers
between GPCR and c¢pEGFP are critical for the efficiency of
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conformational transduction, linkers have been optimized by site-
directed random mutagenesis (se¢ Note 2). In addition, some sites
in cpEGFP, which are contributed to fast GFP folding and high
brightness [54, 55], have been optimized as well. After the above
rounds of iterative optimization, the finalized best candidate was
named the GRAB;5 g1 ¢ sensor, which showed a ~280% increase in
fluorescence (AF/F,) with saturated concentration of 5-HT appli-
cation. Additionally, a 5-HT-insensitive sensor was generated by
introducing the D1343-32Q substitution, which serves as a negative
control (Fig. 3b). The GRABs gr1.0 sensor also showed good
membrane localization and large response in cultured neurons
(Fig. 3c).

To deliver GENIs in the mammalian system for in vivo application,
two approaches are commonly used, including viral-mediated gene
delivery and GENIs knock-in animals.

Viral-mediated gene delivery is a convenient, fast, and versatile
approach to achieve efficient expression of GENIs. One of the most
popular viral tools is the recombinant adeno-associated virus
(rAAV), which is modified from the wild-type AAV, a member of
the nonpathogenic parvovirus [ 56-58]. GENIs can be expressed in
specific cell types with different serotypes or promoters, i.c., using
the AAV2/9 pseudotype and CaM kinase II alpha (CaMKIla)
promoter to drive GENIs expression in excitatory neurons. Local
injections of AAVs are commonly used to achieve regional expres-
sion of GENIs in the brain, but global expression in the animal’s
brain for mesoscopic imaging requires multiple injections due to
the limited diffusing distance [58]. Although multiple-site injec-
tions in the brain can drive robust expression of GENIs, it is
laborious, time-consuming, and hard to make a relatively uniform
expression of sensors (see Note 3). By engineering AAV capsids,
some AAV pseudotypes, can efficiently cross the blood-brain barrier
and infect the central nervous systems, such as PHP.eB, which can
infect more than half of cortical and striatal neurons by intravenous
administration [59]. PHP.eB-mediated expression of a calcium
sensor, GCaMP6s, works well in mesoscopic imaging [60], but
no PHP.eB-mediated expression of GENIs has been reported yet,
possibly due to the low expression level and signal-to-noise ratio
(SNR). Given that the AAV9 has a capacity to cross the blood-brain
barrier (BBB) of mice, especially in neonate [61], a novel method
called neonatal sinus injection (short for n-SIM) has been reported
recently, which employs transverse sinus injections of AAV9 at PO
pups to efficiently deliver gene across the central nervous system,
leading to the whole-brain expression [62]. The n-SIM is suitable
for expressing GENIs in animals for mesoscopic imaging, as
demonstrated in a study using an acetylcholine (ACh) sensor,
GRABAchz.0, to monitor ACh dynamics in mice across the
neocortex [63].
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2.4 Considerations
for Using GENIs

Another approach to driving the expression of GENIs is gen-
erating GENI knock-in animals. Compared with viral-mediated
expression, transgenic methods expand the ability to monitor and
manipulate neuronal activities with increased cell-type specificity
and express gene cassettes with larger sizes. Transgenic animals
also enable a uniform expression of GENIs in the entire dorsal
neocortex, making them ideal for mesoscopic imaging. By genetic
manipulation, some GENIs knock-in animals have been developed
and are usually in a recombinase-dependent manner, such as the
iGluSnFR knock-in mice [64], a fluorescent glutamate sensor line,
which has also been successfully used in mesoscopic imaging
[65]. With the development of gene editing tools [66] and
advancements in the development of a series of GENIs [31-37,
39,44, 67], it is possible to generate transgenic animals for expres-
sion of various GENIs. By crossing with different driver lines, we
are also able to express GENIs in specific cells for monitoring
NTs/NMs. For example, Feng et al. measured cell type-specific
NE signals in response to tactile stimuli by expressing the GRAB-
NE2m SENsor in excitatory neurons or astrocytes via crossing the
GRABNE2m knock-in mice with CaMKIla-Cre or GFAP-Cre
mice, respectively [68]. Although GENI knock-in animals exhibit
many advantages, compared with viral-mediated expression, gener-
ation of these animals is time-consuming and relatively expensive.

With the advances in GENIs, a variety of NTs/NMs can be imaged
in vitro or in vivo. These sensors have their own advantages but also
some limitations. Thus, for the applications of GENIs, especially
in vivo, it is important to carefully choose the most appropriate sensor
for the specific scenario since there is almost no “one-size-fits-all”
sensor [ 3, 14, 69].

The first thing that needs to be considered is the sensitivity,
which is determined by multiple factors including the response,
affinity, and brightness, and can be evaluated by signal-to-noise
ratio (SNR) [3]. For example, compared with dLightl.3b,
although GRABpa2, has a smaller maximum response (GRAB-
pa2m: ~220%, dLightl.3b: ~450%), it shows a higher SNR (~2-
fold to dLightl.3b) owing to higher basal and maximum bright-
ness in HEK293T cells [34]. Importantly, for in vivo application,
effective sensitivity is also affected by the resting ligand concentra-
tion [2]. So, selecting a sensor with an appropriate affinity for
detecting NT/NM levels is crucial to maximize its sensitivity, espe-
cially when the sensor’s ECsg matches the basal ligand
concentration.

Another important consideration is the specificity. Although
most of GENIs show high specificity to corresponding ligands,
some of them also respond to other molecules with similar struc-
tures. For example, the excellent sensor engineering leads to an
ACh sensor, iAChSnFR, whose specificity is shifted from choline
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toward ACh with ~35-fold selectivity but still responds to choline
when the concentration of choline is higher than 1 pM [27]. Since
ACh released in synapses can be rapidly hydrolyzed to choline by
acetylcholinesterase (AChE) [70], which may disturb the interpre-
tation of signals from iAChSnFR. In contrast, the GPCR-based
sensor, GRAB4cp, does not respond to choline in high concentra-
tion even at 100 pM, showing a much more specific response to
ACh [31, 32]. Another case is the DA sensor: although GPCR-
based DA sensors, including GRABpa and dLight, have a higher
selectivity for DA over NE (~15-fold for GRABpa»,, and ~60-fold
for dLightl), they still respond to NE when the NE concentration
is higher than 0.1 pM for GRABpas, and 1 pM for dLightl,
respectively [33-36]. So, it is important to be careful when choos-
ing GENIs and interpreting signals of GENIs that may respond to
other molecules.

Third, when selecting GENIs for a specific application scenario,
it is important to consider the kinetics of the sensor. For capturing
rapid transients of NTs/NMs, GENIs with fast kinetics are needed.
However, there is always a tradeoft between a sensor’s affinity and
off kinetics. That is to say, sensors with fast oft kinetics may have a
low affinity, which may limit their sensitivities. If fast kinetics are
not necessary, GENIs with slow off kinetics but high affinity could
also be beneficial, since they accumulate more photons and con-
tribute to higher SNR [39].

Fourth, different pharmacological properties of GENIs should
be considered, especially for GPCR-based sensors since most of
them inherit the pharmacological properties of parent GPCRs.
On the one hand, agonists or antagonists can be used to manipulate
sensor signals for validation. On the other hand, it is important to
avoid using compounds that interact with sensors when recording
the signals of endogenous NTs/NMs. Fortunately, the problem
can be circumvented by developing different subtype-based sen-
sors. For example, DA sensor GRABp4 and dLight are based on
D,R and D4R, respectively.

Last but not least, the expression of GENIs should not affect
cell physiology, especially for long-term expression. For
GPCR-based sensors, one potential concern is that they may couple
with downstream pathways, including G protein and p-arrestin
pathways. Fortunately, most GPCR-based sensors have shown neg-
ligible downstream signaling, possibly due to the steric hindrance
of the bulky cpFP that replaces the ICL3 of the GPCR, which
precludes the interaction between the GPCR and G protein or
B-arrestin [44]. However, a few GPCR-based sensors still, to
some extent, coupled with downstream signaling, such as the
GRABAch2.0 sensor [31]. But this G, protein coupling was almost
climinated in an optimized version, the GRABachzo sensor
[32]. In addition, overexpression of GENIs may cause potential
buffering effects, which may compete with endogenous GPCRs
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and affect cell physiology. It is worth noting that current results
indicate no obvious buffering effects both in vitro and in vivo
[34, 39]. Nevertheless, it is advisable to use more sensitive sensors
(higher SNR) with lower affinity and reduce expression levels to
minimize the potential buffering effects.

3 Mesoscopic Imaging with GENIs

NTs/NMs are widely distributed throughout the brain and play
important roles, such as reward, emotion, learning, and memory.
For example, acetylcholine (ACh) and monoamines are very vital
NTs/NMs that involve almost all the brain functions and are
produced by different neurons. These neurons project to and
innervate the entire cortex, which consists of dozens of brain
regions (Fig. 4a), according to the Allen CCEFv3 atlas
[71]. GENIs provide a powertful toolbox for high spatiotemporal
imaging of a variety of NTs/NM:s. Traditional microscopy, such as
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Fig. 4 Combination of mesoscopic imaging and GENIs. (a) Schematic diagram depicting the projection of
different monoaminergic neurons in the cortex (left) and parcellation of cortical areas (right). (b) Comparison of
the FOV (field of view) between mesoscopic imaging and microscopic imaging. The black square indicates FOV
for mesoscopic microscope; the red square indicates FOV for traditional microscope. BF basal forebrain, DRN
dorsal raphe nucleus, LC locus coeruleus, VTA ventral tegmental area, TMN tuberomammillary nucleus
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confocal and two-photon microscopes, can provide cellular and
subcellular resolution but often with a limited FOV of several
hundred microns [18], in which it is hard to monitor the global
spatial dynamics of NTs/NMs. Simultaneously imaging N'Ts /NMs
across multiple brain regions can enhance the understanding of
NT/NM dynamics and functions in the brain. Mesoscopic imag-
ing, which spans a FOV larger than 1 cm x 1 ¢cm and covers the
entire dorsal neocortex of the mouse, offers a powerful tool for
large-scale imaging (Fig. 4b).

The combination of GENIs and mesoscopic imaging has
greatly facilitated the understanding of NT/NM dynamics, which
can lead to new biological discoveries and ideas. Here, we will show
some examples of mesoscopic imaging with GENIs.

The earliest mesoscopic imaging with GENIs may be traced
back to the mesoscopic imaging of iGluSnFR [65]. Xie et al.
expressed iGluSnFR in mouse cortex by AAV injection or trans-
genic mice and visualized glutamate dynamics with mesoscopic
imaging. They detected glutamate release in specific brain regions
evoked by multiple sensory stimuli in anesthetized and behaving
mice. Moreover, the kinetics of glutamate release reported by
iGluSnFR are comparable to signals detected by voltage-sensitive
dye (VSD) and much faster than calcium signals reported by
GCaMP3 and GCaMP6s. Moreover, using a miniaturized head-
mounted microscope, Rynes et al. monitored glutamate dynamics
in freely moving mice during the sleep—wake cycle [72].

In addition, it is also important and feasible to detect two
different neurochemicals simultaneously with dual-color meso-
scopic imaging (sec Note 4). Lohani et al. co-expressed the green
fluorescent ACh sensor GRABscpz o and the red fluorescent cal-
cium sensor jRCaMP1b in the mouse dorsal neocortex to simulta-
neously monitor cholinergic signaling and cortical activity
[63]. They found that the ACh signal in the neocortex is highly
dynamic and spatially heterogeneous, which can link behavioral
fluctuations to the functional reorganization of cortical networks.

Although the combination of mesoscopic imaging with GENIs
is a powerful tool for understanding NT /NM dynamics, there are
still some limitations and challenges. Firstly, the preparation for
animals expressing GENIs uniformly (see Note 3) may be a rate-
limiting step, since n-SIM and crossing of transgenic mice cost
more than 6 weeks from the AAV injection or mice crossing,
which is much slower than traditional local AAV injection that
takes about 3 weeks for expression. Secondly, there are potential
signal contaminations from hemodynamic changes [73, 74] and
light scattering. For hemodynamic artifacts, if it is not negligible,
hemodynamic correction is needed (see Note 5). In general, there
are two correction strategies [18] based on a reference channel.
One is using the isosbestic point of the GENI to correct the
standard wavelength excited signal. Another is using a reflectance
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of'green (~530 nm) and red (~630 nm) illumination to measure the
hemodynamic changes for correction [18, 73]. Thirdly, most meso-
scopic imaging systems are custom-built, which limits the availabil-
ity of mesoscopic imaging with GENIs for more laboratories.
Fortunately, with the generous sharing of imaging system building
experience [75] and GENIs, it will be easier for more laboratories
to adopt mesoscopic imaging with GENIs for more biological
discoveries. Fourthly, signals acquired by mesoscopic imaging are
limited in the surface of the sample, which indicates that it is mainly
used for imaging the dorsal cortex instead of other deep brain
regions. In addition, even in the dorsal cortex, signals from the
superficial layer are dominant, which may lead to some bias across
different layers.

Despite these challenges, mesoscopic imaging with GENIs can
monitor the dynamics of NTs/NMs on a large scale and may
provide new insights into their important roles in the nervous
system.

4 Case Study: Mesoscopic Imaging of Cortical 5-HT Dynamics in Mouse

Here, an optimized green fluorescent 5-HT sensor, named
gGRABs 15130 (referred to hereafter as simply g5-HT3.0 [50]), is
used as an example to demonstrate the monitoring of NT/NM
dynamics by mesoscopic imaging.

5-HT is a crucial monoamine that regulates lots of essential
biological processes, such as appetite, sleep—wake cycles, emotion,
reward, learning and memory [76-78]. Meanwhile, the malfunc-
tion of the serotonergic system is associated with many psychiatric
disorders, including anxiety, addiction, and depression [6—
8]. Moreover, some psychotropic drugs targeting the serotonergic
system are widely used to treat brain disorders, e.g., some selective
serotonin reuptake inhibitors (SSRIs) are used as antidepressants by
inhibiting the reuptake of 5-HT and elevating the extracellular
5-HT level. So, monitoring the dynamics of 5-HT is critical for
understanding the serotonergic system. Combining the 5-HT sen-
sor with mesoscopic imaging, there is a great opportunity to visua-
lize the spatiotemporal dynamics of 5-HT across multiple brain
regions [79, 80] in real-time.

Since the dorsal raphe nucleus (DRN) is the primary source of
serotonergic neurons [81], a Cre-dependent red-shifted optoge-
netic actuator, ChrimsonR [82 ], was expressed in the DRN of Serz-
Cre mice [83] to optically activate serotonergic neurons for 5-HT
release to validate the sensor’s reliability. Besides artificially evoked
5-HT release in the cortex, considering the important role of 5-HT
in regulating sleep—wake cycles [39, 84], the physiological 5-HT
dynamics were monitored during sleep—wake cycles using meso-
scopic imaging, while simultaneous electroencephalography (EEG)
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Fig. 5 Workflow of mesoscopic imaging with g5-HT3.0 sensor during optical stimulation of DRN and sleep—
wake cycles. Typical workflow for preparing mice for mesoscopic imaging with GENIs, using g5-HT3.0 sensor
as an example

and electromyography (EMGQG) recordings were performed to iden-
tify the sleep—wake state of mice.

The example workflow for mesoscopic imaging with a
g5-HT3.0 sensor includes three main steps (Fig. 5). The first step
involves AAV injection for expressing GENIs. To achieve uniform
expression of the sensor, AAVs were injected using the n-SIM
method [62] as described above. About 8 weeks later, the second
step was performed—the surgery is applied to mice injected with
AAVs expressing the g5-HT3.0 sensor. In order to optically activate
serotonergic neurons in DRN;, AAV (AAV9-EFla-DIO-Chrim-
sonR) was injected into the DRN of Ser¢-Cre mice, and an optical
fiber cannula was inserted for the delivery of light. Then a large
craniotomy was made above the dorsal cortex to create an optical
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Fig. 6 Mesoscopic imaging of spatiotemporal 5-HT release in mouse dorsal cortex. (a) Example images
showing the g5-HT3.0 expression and response (top); representative traces of averaged g5-HT3.0 fluores-
cence changes in the dorsal cortex (bottom). The dashed white outline indicates the ROI for traces analysis.
Scale bar, 1 mm. (b) Representative fluorescence image of g5-HT3.0 and pseudocolor images of fluorescence
changes during sleep—wake cycles (top); representative traces of averaged g5-HT3.0 signals, EEG and EMG
signals. (Adapted from Deng et al. [50])

window for imaging most of the dorsal cortex. Finally, EEG/EMG
electrodes were implanted for EEG/EMG recording and a metal
chamber was affixed to the skull surface. After a week of recovery
and habituation to head-fixed conditions, the third step experi-
ments were implemented, including mesoscopic imaging of 5-HT
release evoked by optogenetic stimulation and during sleep—wake
cycles.

Activation of DRN serotonergic neurons elicited robust
g5-HT3.0 signal across the dorsal neocortex and it exhibited a
gradient pattern with decreased signals along the anterior-to-pos-
terior axis (Fig. 6a). Meanwhile during the sleep—wake cycle,
according to g5-HT3.0 signals, in the mouse dorsal cortex, the
5-HT level was highest during wakefulness and lowest during REM
states; and it exhibited obvious oscillations during the NREM sleep
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state. In addition, signals in different brain regions were relatively
homogenous (Fig. 6b) (see Note 3). Taken together, these results
suggest that the 5-HT release has potential to be spatially heterog-
enous in the dorsal cortex, which is consistent with the heteroge-
neity of serotonergic projection density in the cortex [71]. But its
release may be globally regulated during the sleep—wake cycle,
which leads to relatively homogenous 5-HT release.

5 Notes

1. Selection of a suitable GPCR scaffold (In Subheading 2.2)

It is crucial to choose an appropriate GPCR scaffold for the
development of a sensor. If membrane trafficking is not good,
sensors tend to remain in the cytosol, which hinders their
activation by extracellular ligands and consequently leads to a
relatively low response (AF/Fy). To address this issue, sensor
developers can explore various GPCR scaffolds derived from
different subtypes or species. In addition, sensors based on
different scaffolds may exhibit distinct responses (AF/Fy) and
affinities, which can provide the optimal sensor prototype.

2. Site-divected random mutagenesis (In Subheading 2.2)

The site-directed random mutagenesis can be achieved by
constructing a library using degenerate primers (e.g. base
sequence “NNB” for the mutation site). Considering the exis-
tence of 20 different amino acids, it is advisable to screen
approximately three times the number of possibilities, resulting
in around 60 candidates, which accounts for the random muta-
tions and ensures comprehensive coverage of most possibilities.
Alternatively, the library can also be constructed by introducing
mutations of 20 different amino acids one by one following
PCR transfection for testing in cultured cells [85].

3. Spatial uniformity of mesoscopic imaging (In Subheadings 2.3,
3and 4)

To better interpret the sensor signals from the entire cor-
tex, it is important to optimize the mesoscopic imaging system
to achieve uniform imaging. On the one hand, the sensor
should be expressed uniformly. The n-SIM method [62] and
the utilization of transgenic mice have shown promise in
achieving relatively uniform sensor expression. On the other
hand, uniform illumination plays a vital role. The illumination
uniformity can be assessed by employing uniform samples such
as fluorescent plastic plates or white papers [75].

4. Spectral  unmixing in  dual-color  mesoscopic  imaging
(In Subheading 3)

For accurate dual-color imaging, it is essential to address

the potential bleed-through in spectra. The dual-color imaging
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system can employ two independent channels and two sensors
with different colors can be sequentially illuminated. Alterna-
tively, if simultaneous imaging of both channels is a priority,
two sensors can be excited simultaneously, followed by spectral
unmixing in the data processing, such as by linear unmixing
[50, 86].

5. Hemodynamic correction (In Subheading 3)

The detected fluorescent signals are not only from ligand
concentration-dependent sensor signals but also from other
artifacts, particularly those arising from hemodynamics. To
evaluate the performance of hemodynamic correction, a nega-
tive control can be used, such as membrane-tethered EGFP or
a nonbinding mutant sensor, which should show no obvious
fluctuations after the application of hemodynamic correction.

6 Summary and Outlook

In this chapter, we have overviewed the principle, development,
and properties of GENIs, followed by the application of GENIs
with mesoscopic imaging for monitoring NT,/NM dynamics, spe-
cifically in a case study imaging 5-HT dynamics by the g5-HT3.0
SENsor.

Progresses in sensor development will no doubt accelerate the
mesoscopic imaging of NTs/NMs with a variety of GENIs. In the
future, considering the requirements for mesoscopic imaging,
GENIs may be developed and optimized in the following aspects
(Fig. 7):

1. Developing more sensors for detecting more N'Ts/NMs. Based
on the understanding of the GENTI’s principle and the general-
izability of sensor developing strategies, a large repertoire of
sensors can be developed for detecting more NTs/NMs to
expand the toolbox of GENIs.

2. Improving sensitivities of GENIs. For mesoscopic imaging,
sensitivity is quite important, especially for detecting
NTs/NMs with minor changes. Actually, sensitivities of some
GENIs for detecting vital NTs/NMs have been largely
improved after iterative optimization, such as GENIs for gluta-
mate [22,23], DA[33-36],ACh[31,32],and 5-HT [39, 50].

3. Expanding spectral profiles of GENIs. Most current GENIs are
green fluorescent sensors, which precludes multiplexed imag-
ing of multiple neurochemicals simultaneously due to spectral
overlap. Some pioneering works have developed red-shifted
GENIs, such as R-iGluSnFR1 for glutamate [24], rGRAB-
palms, 'GRABpa1n, and RdLightl for DA [34, 36] and
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rGRABs 110 for 5-HT [50]. Similar strategies can be used to
develop red-shifted or even far-red /near-infrared GENIs.

4. Developing GENIs for quantitative imaging. Quantitative
imaging is essential for measuring the concentration of
NTs/NMs accurately, particularly with changes of tonic level.
However, most GENIs are single FP-based and intensiometric.
Although they can sensitively report the changes of NT/NM
levels, they cannot perform quantitative measurements. At
present, there are two kinds of sensors that are capable for
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quantitative imaging, including ratiometric sensors and fluo-
rescence lifetime imaging (FLIM)-based sensors. Ratiometric
sensors, including excitation-ratiometric and emission-
ratiometric sensors, can be excited or emit at distinct wave-
lengths with or without the ligand binding. Some genetically
encoded ratiometric sensors have already been developed, such
as some calcium sensors, GEX-GECO1 and GEM-GECO1
[87]. FLIM sensors can report NT /NM levels by fluorescence
lifetime instead of fluorescence intensity, which may be ideal
sensors for quantification [88], but there are only limited
FLIM sensors, largely due to the challenges in sensor develop-
ment and optimization. Nevertheless, it may be possible to
quantitatively measure the dynamics of NTs/NMs in the entire
dorsal neocortex by using ratiometric or FLIM GENIs in
mesoscopic imaging.

Besides progresses in GENIs, advances in mesoscopic imaging

techniques, such as increasing the resolution [89], developing
2-photon/3-photon, or wireless head-mounted mesoscopic imag-
ing systems, will also facilitate the application of GENIs and better
understanding of neurotransmission.
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