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ABSTRACT: A major challenge in neuroscience is to decipher
the logic of neural circuitry and to link it to learning, memory, and
behavior. Synaptic transmission is a critical event underlying
information processing within neural circuitry. In the extracellular
space, the concentrations and distributions of excitatory,
inhibitory, and modulatory neurotransmitters impact signal
integration, which in turn shapes and refines the function of
neural networks. Thus, the determination of the spatiotemporal
relationships between these chemical signals with synaptic
resolution in the intact brain is essential to decipher the codes
for transferring information across circuitry and systems. Here, we
review approaches and probes that have been employed to determine the spatial and temporal extent of neurotransmitter
dynamics in the brain. We specifically focus on the design, screening, characterization, and application of genetically encoded
indicators directly probing glutamate, the most abundant excitatory neurotransmitter. These indicators provide synaptic
resolution of glutamate dynamics with cell-type specificity. We also discuss strategies for developing a suite of genetically encoded
probes for a variety of neurotransmitters and neuromodulators.
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The human brain contains billions of neurons intercon-
nected by trillions of synapses to yield the circuitry that is

the “wiring” of the brain. Synapses are important structural and
functional units for neuronal communication, where axons
project from local or distant presynaptic neurons to make
contact with dendrites of postsynaptic neurons. Past and recent
studies using electrophysiology and imaging have developed a
picture of the functional and morphological characteristics of
synaptic connections. The arrival of an action potential (AP) at
a synapse triggers the fusion of neurotransmitter-containing
vesicles followed by release of neurotransmitters (NTs) into a
nanometer scale synaptic cleft or in some cases at nonsynaptic
sites.1 Following release, neurotransmitters cross the synapse
and bind to the receptors located on postsynaptic neurons.
They also activate autoreceptors or receptors at extrasynaptic
sites.
At the molecular level, the probability of neurotransmitter

release can be highly variable and changes over time.2 In
addition to changes in the amounts of NT release,
depolarization of postsynaptic neurons in response to
presynaptic AP output depends on the type, expression level,
and phosphorylation state of postsynaptic receptors and their
association with regulatory proteins. At the cellular level, the
number and distribution of excitatory and inhibitory inputs,
such as those that utilize glutamate or γ-aminobutyric acid
(GABA) to interact with ligand-gated ion channels, onto
individual neurons has a significant impact on signal
integration, which in turn shapes and refines the function of
neural circuitry. In addition, neuromodulators, such as

dopamine, typically interacting with postsynaptic G-protein
coupled receptors, reconfigure the dynamics of neural circuitry
by transforming the intrinsic firing properties of targeted
neurons and regulating their synaptic plasticity. Some NTs,
such as serotonin and acetylcholine, have dual functions as both
neuromodulators and classical NTs. The altered dynamics of
neurotransmitters and neuromodulators have been implicated
in a number of human neurological and psychiatric diseases,
including Parkinson’s disease, schizophrenia, and addiction.3,4

To date, more than 100 NTs and neuromodulators have
been discovered in the brain.5 Although the anatomical
characterization and functional significance of NT-specific
projections are understood to a moderate degree, the precise
mechanisms by which these molecules regulate the dynamics of
healthy and diseased neural circuitry are not fully understood.
Gaining an understanding of these mechanisms will involve
sensitive, specific, and direct measurements of the type and
magnitude of NT transients produced during release events
with single-neuron or single-synapse resolution and the
requisite temporal resolution in cell culture, tissue preparations,
and intact circuits.
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■ CURRENT APPROACHES FOR DIRECT
MEASUREMENT OF CHEMICAL TRANSMISSION IN
THE BRAIN

Existing methods, including fast-scan cyclic voltammetry
(FSCV)6 and microdialysis7 have been broadly used for direct
measurement of NT release and uptake in cell culture, brain
slices, and awake animals engaged in a variety of behavioral
tasks. FSCV combined with carbon-fiber microelectrodes can
detect electrochemically active NTs, most notably dopamine
(DA), in the nanomolar range on the time scale of milliseconds.
Application of FSCV has provided a deep understanding of the
functional roles of DA dynamics in shaping neural circuitry
both ex vivo and in vivo, in the latter case in anesthetized and
behaving animals.6,8 Modified (sawhorse) FSCV waveforms
have been introduced that push the detection limits of DA
down to ∼1 nM in vitro.9 However, FSCV detection of DA and
other biogenic amines, such as norepinephrine, epinephrine,
and serotonin, can be convoluted due to the lack of specificity
of electrochemical detection (i.e., multiple species are oxidized
or reduced at overlapping potentials). Further, despite superior
temporal resolution compared to microdialysis and some
imaging approaches, voltammetry alone does not reveal cell-
type specificity and has only moderate spatial resolution for the
study of signaling events due to the probe size. It is impossible
to isolate single axons when recording with microelectrodes
within the neuropil and to identify single synapses or release
sites.
Electrochemically inactive NTs, such as glutamate, GABA,

and glycine, are measured in situ using microdialysis coupled
with high performance liquid chromatography, capillary
electrophoresis, mass spectroscopy, and nanotechnology-based
approaches.7 The spatial and temporal resolution of micro-
dialysis has been greatly improved via advances in probe
fabrication and the sensitivity of detection methods. For
example, microlithography manufacturing of smaller micro-
dialysis probes permits sampling volumes as small as 4 nL.
Segmentation of dialysates into nanoliter droplets through the
use of a microfluidic tee mounted directly on the heads of test
subjects enables temporal sampling resolution on the scale of a
few seconds.7 Despite these advances and superior chemical
selectivity, microdialysis is far from enabling single synapse
resolution.10

Enzyme-based electrochemical biosensors have also been
used for indirect measurement of nonelectrochemically active
NTs, such as glutamate and acetylcholine, as well as other
chemical signaling molecules and glucose use in the brain.
However, this approach also lacks cellular resolution, can
potentially lose sensitivity in biological tissues, and can be
cofounded by other potential sources of naturally occurring
electroactive molecules.11,12

■ POSITRON EMISSION TOMOGRAPHY (PET) AND
FUNCTIONAL MAGNETIC RESONANCE IMAGING
(fMRI)

Macroscale imaging modalities, such as positron emission
tomography (PET) and functional magnetic resonance imaging
(fMRI), are used to measure physiological function primarily in
humans but also in experimental animals. These noninvasive
methods provide information on the connectivity and dynamics
of neural activity over large brain volumes. PET combined with
radiolabeled metabolites or receptor agonists or antagonists has
been extensively used as a surrogate to study the dynamics of

chemical neurotransmission at the circuitry level.13 However,
the spatial resolution of PET is a few millimeters and temporal
resolution is a few minutes.14 fMRI depends on radiofrequency
electromagnetic energy that readily penetrates the skull to
image brain function without exposure to ionizing radiation.
Clinically, fMRI has replaced many functions of PET in
diagnostic imaging to identify brain areas involved in specific
motor and cognitive tasks. Most recently, with the development
of NT-sensitive contrast agents, fMRI was used for the first
time for mapping the dynamics of NT release and signaling in
deep brain regions with molecular specificity and requisite
spatial coverage.15

Paramagnetic metalloproteins are MRI contrast agents that
are amenable to protein engineering strategies for the
development of ligand-sensitive MRI probes for molecular
imaging. The bacterial cytochrome P450-BM3 heme domain
(BM3h) is an attractive scaffold for MRI sensor design, as this
protein can be modified to improve stability and alter substrate
specificity via directed evolution and rational design ap-
proaches.16 Recently, a family of NT-sensitive MRI contrast
agents based on BM3h has thus been developed. A BM3h
sensor variant, called BM3h-9D7, displaying specificity for
dopamine (Kd = 1.3 μM for DA; 37 and 70 μM for
norepinephrine and serotonin, respectively), has been used
for quantitatively mapping dopamine release in the ventral
striatum (a brain region involved in processing rewards) in
living rat brains.15,17 Specifically, BM3h-9D7 was injected
intracranially to fill the entire ventral striatum that is several
cubic millimeters. Following electrical stimulation of the medial
forebrain bundle in the lateral hypothalamus, MRI was
repeatedly performed to yield time-resolved volumetric
measurement of DA release. This work laid the foundation
for the development and application of molecular fMRI
techniques in neural circuitry mapping with a spatial resolution
below 100 μm, and a temporal resolution of seconds, which is
an order of magnitude better than PET.14 Despite the
advancement of fMRI probes and human compatibility, spatial
and temporal resolution in optimized in vivo preparations for
fMRI still lag behind the threshold required to image signaling
events at single synapses by at least 2 orders of magnitude.

■ DIRECT OPTICAL MEASUREMENT OF NTs WITH
FLUORESCENCE MICROSCOPY

Fluorescent microscopy combined with optical sensors, on the
other hand, is highly appealing to neuroscientists, as it can
potentially reach the spatiotemporal resolution required for
measuring activity at individual synapses (∼1 μm and ms to s
time scale) in cultured cells, brain tissue, and intact brains.
Fluorescence microscopy systems based on one-photon (1P) or
multiphoton have been developed and optimized to enhance
imaging depth, to increase imaging speed, and to improve
spatial resolution. For example, imaging depths of ∼1600 μm
have been achieved with two-photon imaging while maintaining
excellent spatial resolution in intact mammalian preparations
for structural imaging.18 For functional imaging of calcium
transients with a genetically encoded calcium indicator
(GCaMP6s), three-photon microscopy at 1300 nm excitation
has been used to image layer 6 of adult mouse cortex, at about a
700 μm depth (personal communication with Xu et al., and refs
19 and 20). Several miniaturized 1P fluorescence microscopes
have been developed that enable imaging of calcium transients
with either organic dye21 or GCaMPs22 at arbitrary brain
depths in freely moving mice and rats. Super-high-resolution
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microscopy improves spatial resolution beyond the diffraction
limit (200−300 nm laterally and 550−700 nm axially) down to
the nanometer scale.23,24 Light-sheet fluorescence microscopy
illuminates a thin slice of the sample (nm to μm in depth) and
permits imaging a whole larval zebrafish brain with cellular
resolution thrice a second.25 Most recently, lattice light-sheet
microscopy has been developed and holds great promise for in
vivo three-dimensional (3D) imaging of fast dynamic processes
in cells. This optical instrument improves imaging speed by 1−
2 orders of magnitude and increases spatial resolution by 2-fold
along the z-axis over conventional confocal fluorescent
microscopy with reduced photobleaching and phototoxicity.26

It can capture images at speeds of 100−2000 planes per second,
allowing 3D image acquisition at subsecond resolution.
As imaging technologies such as these become more

developed and available for routine laboratory applications,
high-quality optical probes have also been developed to track
neural activity. Recent advances in the creation and
optimization of small-molecule based and genetically encoded
sensors have led to several high-quality optical probes reporting
changes in calcium concentration,27−29 synaptic vesicular
fusion,30−32 and membrane voltage.33−35 To date, genetically
encoded calcium sensors are the most broadly utilized imaging
probes for large-scale sensing of neural activity in genetically

Table 1. Performance of Existing Fluorescent Sensors for Neurotransmitters on Cell Surfaces

name scaffold Kd (glutamate)
Kd

(aspartate)
Kd

(glutamine)
max ΔR or

ΔF/F
Koff
(s−1)

neuronal
culture

in
vivo

EOS40 iGluR2(S1S2) 148 nM n.d. n.d. 0.21 0.67 yes no
K716A-EOS41 S1S2-K716A 174 nM n.d. n.d. 0.29 0.35 yes no
L401C-EOS41 S1S2-L401C 1.57 μM n.d. n.d. 0.48 3.7 yes yes
Snifit-iGluR545 iGluR5(S1S2) 15 μM n.d. n.d. 1.56, 1.93b n.d. no no
GABA-Snifit44 GABAB 100 μMa n.d. n.d. 1.8 0.35 no no
GABA-Snifit-GB1/244 GB1/2 420 μMa n.d. n.d. 1.4 n.d. no no
FLIPE-600n59 GltI-WT 600 nMb 6 μM 100 μM 0.27b n.d. yes no
FLIPE-10μ59 GltI-A207R 10 μMb 60 μMb 1 mMb 0.15c n.d. yes no
FLII81E-1μ61 GltI-N81V-ECFP-Q82N 1 μMb n.d. n.d. 0.48b n.d. yesf no
GluSnFN62 GltI-WT 150 nMb 700 nMb 30 μMb 0.18b 15 no no
superGluSnFR63 GltI-S73T 2.5 μMb n.d. n.d. 0.44b 75 yes no
iGluSnFR65 GltI-A207V 107 μM,b 4.9 μMc 145 μMb n.d. 4.5b, 1.03c n.d.e yes yes
aNot for glutamate but for GABA. bTitration with purified protein in solution. cIn situ affinity of the sensor on the neuron surface. dReported peak
time 63 ms and half-width of 238 ms in response to evoked glutamate release in cortical brain slices. eKon was above the detection limit of the stop-
flow instrument. Instead, t1/2 was measured in iGluSnFR-expressing neuron in response to field potential stimulation. t1/2 on is 15 ms, and t1/2 off is
92 ms. fNot in dissociated neuronal culture but in brain slices.

Figure 1. Synthetic and semigenetically encoded fluorescent sensors for neurotransmitters. (A) Fluorescent false neurotransmitter FFN102 and the
neurotransmitter dopamine. FFN102 acts as a substrate for vesicular monoamine transporter 1 and 2 that can load dopamine (DA) and serotonin
(5-HT) into synaptic vesicles. It increases fluorescence upon vesicular exocytosis, thus acting as an indirect measurement of the DA or 5-HT release.
(B) Glutamate optical sensor (EOS) based on the ligand-binding domain of AMPA receptor GluR2’s S1S2 domain. Synthetic fluorescent probe
Oregon Green 488 (OG488) is conjugated to the S1S2 domain near the glutamate-binding pocket. Binding of glutamate leads to the increased
fluorescence intensity of OG488. (C) Glutamate-Snifit based on ionotropic glutamate receptor iGluR5. Binding of glutamate displaces glutamate
antagonist attached to SNAP-tag, which decouples the Föster resonance energy transfer (FRET) between the green donor and red acceptor. (D)
Cell-based neurotransmitter fluorescent-engineered reporter (CNiFER) for dopamine, in which HEK293 cells expresses D2 dopaminergic receptor,
a G-protein coupled receptor (GPCR) for dopamine. Binding of dopamine to the GPCR on the cell surface leads to intracellular calcium increase
that can be detected by a FRET-based genetically encoded calcium indicator (TN-XXL).
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defined populations in behaving animals. However, the
relationship between presynaptic calcium and NT release is
nonlinear. NT release is a final result of complex processes
involving multiple mechanisms and targets, such as the amount
of calcium that enters presynaptic terminals via calcium
channels, the number of vesicles available for release as a
result of vesicle trafficking and replenishment, the properties
and distribution of the synaptic proteins that form the release
machinery, and feedback form postsynaptic sites.2,36,37 Though
synaptic release probability can be estimated by imaging and
quantifying vesicle exocytosis using sensors reporting synaptic
activity, such as synaptopHluorin, or measuring postsynaptic
calcium accumulation, both of these approaches lack the ability
to report the extent of the spatial spread of NT release.
Therefore, sensors that directly measure NTs with molecular
specificity are an ultimate objective for applications in which
transmitter release and diffusion is the primary concern.
For this, an array of NT probes, ranging from small

molecules, small molecule−protein hybrids, cell-based sensors,
and protein-based approaches, have been developed to be
compatible with fluorescent microscopy. Here, we summarize
the design and performance of the state-of-the-art NT sensors
in each of these classes (Table 1). We further discuss the
strengths and weaknesses of each in fluorescent imaging of NT
dynamics.

■ SMALL-MOLECULE BASED SENSORS FOR NTs

Fluorescent false neurotransmitters (FFNs) are a family of
synthetic NT tracers that specifically label synaptic vesicles to
enable optical measurement of NT release kinetics at individual
synapses. Focusing on the dopaminergic system, the first FFN,
FFN511, was developed as a fluorescent substrate for vesicular
monoamine transporter 2 (VMAT2).38 When transported into
synaptic vesicles by VMAT2 and released upon exocytosis, the
rate of release of FFN511 with respect to a high number of APs
(over 100) can be determined by measuring decreased
fluorescent intensity representing the remaining FFN at
presynaptic sites. To reflect physiologically relevant firing
patterns of dopaminergic neurons more accurately, an
improved version, FFN102 (Figure 1A), was designed as a
pH-sensitive probe. FFN102 shows increased fluorescence
upon release triggered by short pulses of APs. These FFNs have
been used mostly in mouse brain striatal slices and to enable
optical detection of the release dynamics of synaptic content.39

However, small-molecule based sensors need to be delivered to
the release sites of interest and do not reveal cell-type
specificity.

■ SEMIGENETICALLY ENCODED SENSORS FOR NTs

As demonstrated in the case of FFNs, small-molecule
fluorophores are effective tools to measure cellular signaling
pathways, despite their poor cellular specificity. To put these
synthetic dyes under genetic control, a variety of fluorogenic
sensors for direct measurement of extracellular NTs based on a
protein-fluorophore hybrid design have been developed.
For example, a glutamate optical sensor (EOS, Figure 1B),

which is a hybrid sensor constructed from the S1S2 glutamate-
binding domain of the AMPA receptor GluR2 subunit and a
small-molecule dye (Oregon Green 488 (OG488)), has been
engineered and applied to the measurement of glutamate
release in mouse acute slices and mouse cortex in vivo. Mutant
S403C facilitated labeling of S1S2 with OG488 near the

glutamate binding pocket. Upon glutamate binding, EOS
undergoes a conformation change that causes the changes in
fluorescence emission of OG488 (Figure 1B). The resulting
sensor exhibited an increase of 21% in ΔF/Fmax (maximal
fluorescence changes over basal fluorescence) upon glutamate
binding (Kd = 148 nM) when measured at the surface of HeLa
cells.40 The variant K716A-EOS showed a Kd of 174 nM for
glutamate and ΔF/Fmax of 29%. For the variant L401C-EOS,
these values were 1.57 μM and 48%, respectively.41,42 L401C-
EOS showed about a 1−2% fluorescence increase in mouse
somatosensory cortical neurons following limb movement.41

More recently, Snifit (SNAP-tag based indicator proteins
with a fluorescent intramolecular tether)-based sensors for
optical measurement of glutamate and GABA have also been
developed.43−45 A Snifit (Figure 1C) is a fusion protein with
three components: a natural receptor for a specific analyte, a
CLIP-tag with a synthetic donor fluorophore, and a SNAP-tag
bearing another synthetic acceptor fluorophore conjugated with
an antagonist. In the absence of analyte, the Snifit adopts a
closed conformation and Förster resonance energy transfer
(FRET), a form of nonradiative energy transfer between two
fluorescent molecules, efficiency increases. In the presence of
analyte, the intramolecular antagonist is displaced to shift Snifit
toward an open state with a resultant decrease in FRET
efficiency.
Snifit provides a general scaffold for the design of fluorescent

metabolite sensors on cell surfaces via selection of a natural
receptor−antagonist pair. For example, GABA-Snifit reporter is
based on the metabotropic GABAB receptor and its antagonist
CGP 51783. GABA-Snifit on the surface of mammalian human
embryonic kidney (HEK) 293 cells allowed detection of
perfused GABA with a ratiometric change in donor−acceptor
ratio of 1.8-fold and an apparent Kd of 100 μM for GABA.44

Similarly, glutamate-Snifit (Figure 1C) is based on the
ionotropic glutamate receptor 5 (iGluR5) and O6-benzylgua-
nine (BG)-polyethylene glycol (PEG) 11-Cy5-glutamate as the
antagonist. This Snifit-iGluR5 showed a ΔRmax (maximal
fluorescence change in donor−acceptor ratio) of 1.93 and an
apparent Kd of 15 μM for glutamate in HEK 293T cells.45

Further optimization and characterization are likely needed to
allow in situ detection of physiological levels of glutamate and
GABA release and uptake by living neurons and intact circuitry.

■ CELL-BASED SENSOR CNiFERs
Recently, cell-based NT fluorescent-engineered reporters
(CNiFERs) have been developed to detect NT volume
transmission with nM sensitivity.46,47 CNiFERs consist of
HEK 293 cells stably expressing a NT-specific G protein-
coupled receptor (GPCR) combined with the FRET-based
genetically encoded calcium indicator (TN-XXL) as the
readout (Figure 1D). The presence of the GPCR ligand
activates an endogenous or chimeric G-protein pathway (Gq
proteins activated by Gi/o specific GPCRs) that results in
calcium release from internal stores. Activating this pathway in
turn increases the FRET efficiency of the TN-XXL.
The first CNiFER, M1-CNiFER, was developed to measure

acetylcholine (ACh) dynamics in the extracellular space. M1-
CNiFER uses the M1 receptor, a muscarinic G-protein-coupled
receptor, to probe ACh concentrations.46 Additional CNiFERs
have been developed to probe in vivo dopamine (D2-CNiFER
using D2 dopaminergic receptors) and noradrenaline (α1A-
CNiFER using α1A adrenergic receptors) dynamics with
nanomolar sensitivity in mouse frontal cortex with temporal
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resolution of seconds and spatial resolution of less than 100
μm.47 This elegant work holds great promise for providing a
general platform to engineer cell-based sensors for many
different NTs. It may be possible to create CNiFERs using
other Gi/o-coupled receptors, such as those for somatostatin,
serotonin, and opioid peptides, by redirecting Gi/o-coupled
receptors for these ligands to the Gq-calcium signaling pathway.
One limitation is that these cell-based sensors are designed to

detect volume transmission of NTs and cannot achieve the
resolution required to detect finer patterning in extrasynaptic or
synaptic release. Moreover, as the fluorescent signals associated
with CNiFERs do not reflect NT levels directly but instead
detect downstream changes in intracellular calcium concen-
trations, their temporal resolution is also limited by the speed
of the activation of the Gq pathway used for NT detection.
Finally, these probes are composed of cells that must be
exogenously introduced to recording sites making them more
invasive than some genetically encoded probes (see below).

■ DESIGN OF GENETICALLY ENCODED
FLUORESCENT SENSORS FOR GLUTAMATE

Sensors that are fully protein based (i.e., genetically encodable)
can be targeted to specific synapses or genetically defined
subpopulations of cells to allow direct, noninvasive, ultra-
sensitive, and chronic optical measurement of NT dynamics in
vitro in cells, ex vivo in tissue, and in vivo in behaving animals.
Genetically encoded sensors typically consist of analyte-binding
and reporter elements that are based on either a single
fluorescent protein (FP) or two FPs. In the case of single FP-
based sensors, changes in NT concentrations in the
extracellular environment detected by the analyte-binding
domain result in changes in the chromophore environment of
the FP, such as circularly permutated GFP (cpGFP),48 leading
to an increase or decrease in fluorescence intensity.49−51 In the
case of two FP-based sensors, the conformational changes in
the analyte-binding or sensing domain lead to FRET between
two FPs that are in close proximity with overlapping excitation
and emission spectra.52,53 FRET-based and single-FP based
sensors have different strengths and limitations in the context
of specific applications (for review, see refs 54 and 55).
To date, protein-engineering efforts have focused on the

development of of glutamate sensors, which have already
achieved the requisite spatiotemporal precision to probe
neurotransmission at single-cell or single-synapse levels.
These sensors consist of the bacterial glutamate/aspartate-
binding protein, GltI (also called YbeJ), which functions as the

glutamate-binding domain, and a single FP or two FPs as
reporter elements. A summary of the performance of these
existing glutamate sensors, including FLIPE, GluSnFR, super-
GluSnFR, and the recently developed iGluSnFR, are presented
in Table 1.
The bacterial protein GltI belongs to a large superfamily of

periplasmic binding proteins (PBPs) that are bacterial receptors
for a variety of ligands, including carbohydrates, amino acids,
dipeptides, and oligopeptides.56,57 The Escherichia coli (E. coli)
GltI,58 similar to other PBP family members, undergoes a
remarkable, ligand-dependent conformational change, thus
providing an ideal scaffold for sensor engineering. It consists
of a Venus flytrap module where a hinged region connects two
flap domains that bind to ligands at the interface between them.
The flap domains can adopt two different conformations: a
ligand-free open form and a ligand-bound closed form, which
interconvert through a relatively large bending motion around
the hinge. The conformational changes of GltI upon glutamate
binding can lead to FRET between two properly inserted FPs
or to changes in fluorescence of a single FP as readouts for
glutamate dynamics.

■ FRET-BASED GLUTAMATE INDICATORS

The first genetically encoded glutamate indicator, FLIPE, was
developed by linearly inserting GltI between an N-terminal
enhanced cyan fluorescent protein (ECFP) and a C-terminal
yellow fluorescent protein called Venus (Figure 2A).59 A series
of FLIPE sensors with a broad range of affinities (600 nM, 10
μM, 100 μM, and 1 mM) has been engineered to monitor a
wide range of glutamate concentrations (100 nM to 100 μM) at
the surface of living cells with a reversible concentration-
dependent decrease in FRET efficiency. For example, when
FLIPE-600n was expressed on the surface of dissociated
neurons, the sensor responded to extracellular glutamate (about
300 nM) triggered by electrical depolarization. Further
optimization of the ECFP insertion site in GltI (between
Asn81 and Gln82) by rational design to restrict the rotational
freedom of the chromophores resulted in a highly sensitive
glutamate indicator, FLII81E-1μ, which showed increased signal
changes (ΔRmax = 48%) with a Kd of 1 μM for glutamate.60,61

In parallel, another FRET-based glutamate indicator,
GluSnFR,62 was engineered by inserting GltI between ECFP
and a yellow fluorescent protein, Citrine (Figure 2A). The first
GluSnFR showed high affinity for glutamate (Kd = 150 nM),
which might cause partial saturation at background glutamate
levels in neuronal systems. Therefore, the affinity of GluSnFR

Figure 2. Genetically encoded fluorescent sensors for glutamate. (A) Föster resonance energy transfer (FRET)-based glutamate sensor FLIPE or
GluSnFR. Both use periplasmic glutamate-binding protein GltI from E. coli as a scaffold. GltI has two lobes joined by a hinge. When there is no
glutamate, GltI adopts an open conformation. Binding of glutamate brings GltI to a closed conformation. This conformational change leads to
decreased FRET between the N-terminal tagged cyan fluorescent protein and C-terminal tagged yellow fluorescent protein. (B) Circularly
permutated green fluorescent protein (cpGFP)-based iGluSnFR. iGluSnFR also uses GltI as glutamate sensing scaffold. Conformational change
upon glutamate binding leads to the deprotonation of the fluorophore in cpGFP, thus increasing its fluorescence intensity.
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to glutamate was reduced by site-directed mutagenesis of key
glutamate binding residues to produce a series of GluSnFRs
with a broad range of Kd’s (i.e., 300 nM, 2.5 μM, 20 μM, and
700 μM) to better suit the detection of physiological glutamate
dynamics at the surface of neurons.63

As intramolecular FRET reporter responses can be
dramatically improved by adjusting their orientation by linker
variation,48,55,64 a linker-truncation library of GluSnFRs was
engineered and screened. The best mutant, named Super-
GluSnFR, exhibited 44% ΔRmax, a 6.2-fold improvement over
the original GluSnFR on cell surfaces, with an apparent Kd of
2.5 μM for glutamate. When expressed on the surfaces of
dissociated hippocampal neurons, SuperGluSnFR permitted
quantitative optical measurements of the time course of
synaptic glutamate release, spillover, and reuptake with
centisecond temporal and spine-sized spatial resolution.63

■ A SINGLE-FP-BASED GLUTAMATE INDICATOR,
iGluSnFR

Though FRET-based glutamate sensors are useful for a number
of biological applications as discussed above, their intrinsic
properties cannot match the challenging signal-to-noise ratio
(SNR) requirements for in vivo imaging of glutamate dynamics
in intact brains. In the case of recently optimized calcium and
voltage sensors, intensity-based single-FP sensors have superior
dynamic ranges, kinetics, SNRs, and photostability when
compared to FRET-based sensors.27,28,33 To improve the
performance further and to expand the applications of
glutamate sensors in neuroscience, an ultrasensitive, single-
FP-based glutamate indicator, iGluSnFR, based on GltI, was
developed. In iGluSnFR (Figure 2B), cpGFP is properly
positioned in GltI such that glutamate-binding-induced
conformational changes result in changes to the chromophore
environment, thus transforming ligand-binding events to
increased fluorescence. iGluSnFR allows in situ detection of
physiological levels of glutamate release and uptake in
dissociated neuronal culture, acute brain slices, and behaving
mice.65 Here using iGluSnFR as an example, we review
established glutamate sensor design and optimization pipelines
that will be needed to move sensors from the realm of concept

through purified protein experiments, into cultured cells, brain
slices, and, ultimately, in vivo experiments.
The high-resolution crystal structure of glutamate-bound GltI

(PDB ID: 2VHA, Figure 3A) from Shigella f lexneri, which
shares 99% homology with E. coli GltI, has been solved.65,66

This structure revealed atomic details of glutamate binding
mechanisms, providing a template for systematic computa-
tional-based protein engineering efforts.66 First, to determine
the proper insertion site of cpGFP in GltI, Marvin et al. plotted
Cα torsion angle differences to identify ligand-dependent
structural changes in sequentially adjacent residues, which
resulted in three potential cpGFP insertion sites. One insertion
point close to the interdomain hinge region yielded the best
fluorescent changes (ΔF/F). Second, to improve sensor
dynamics and kinetics further, the authors performed a linker
optimization with site-saturated mutagenesis and length
optimization. Then, to display the sensor on the surface of
cells for sensing glutamate release and uptake, cpGFP-fused
GltI was inserted into a revised pDisplay vector consisting of an
N-terminal immunoglobulin κ-chain leader sequence and a C-
terminal transmembrane anchoring domain of platelet-derived
growth factor receptor. Finally, systematic characterization and
validation of lead variants was performed, including photo-
physical characterization under both one and two-photon
illumination. Glutamate binding specificity and multiple-step
validation in HEK 293 cells, dissociated neuronal culture, brain
slices, and behaving animals were also carried out for lead
variants. The best variant, iGluSnFR, demonstrated sufficient
sensitivity (ΔF/Fmax = 1.03, Kd = 4.9 μM) and photostability to
permit direct in vivo optical measurement of glutamate
transients in single dendritic spines, as well as dendritic
branches. iGluSnFR is compatible with high-frequency scans
(e.g., >2000 Hz line scans, ∼100 Hz frame scans) and responds
with single millisecond temporal resolution to two-photon
glutamate uncaging in acute hippocampal slices.65

■ DIRECT OPTICAL MEASUREMENT OF GLUTAMATE
DYNAMICS

Several classes of phenomena currently under study in
neuroscience would benefit from the spatial and temporal

Figure 3. Structures of iGluSnFR and a GABA-binding protein. (A) Crystal structure of GltI (PDB ID: 2VHA) and cpGFP (PDB ID: 3EVP). Both
are shown blue to red as N-terminal to C-terminal. Glutamate is shown as spheres. Arrowhead on GltI denotes cpGFP insertion site where cpGFP
replaced the sequence shown as gray. Hinge and two lobes of Venus flytrap are labeled. (B) Open (orange, PDB ID: 4EQ7) and close (green, PDB
ID: 4EUO) conformation of GABA-binding protein Atu4243 from Agrobacterium tumefaciens. GABA is shown as spheres. Black dashed line shows
6.4 Å movement of Gly58 upon GABA binding. Molecular graphics and analyses were performed using UCSF Chimera.
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resolution that genetically encoded NT sensors offer. For
example, neural cells have highly complex morphological
features (e.g., dendritic spines, axons) that allow compartmen-
talization of computations performed on incoming information.
The spatiotemporal pattern with which synaptic signals impinge
upon these subcellular compartments determines the response
properties67−71 and tendency toward plasticity72,73 of a cell.
Such patterns of activation have historically proven difficult to
study with both spatial and temporal precision, yet genetically
encoded NT sensors are well suited to this need. Indeed,
genetically encoded glutamate sensors, such as iGluSnFR, have
already been deployed to track synaptic glutamate transients in
real time in in situ65,74−76 and in vivo65 experimental
preparations. These studies have provided details about how
stimulus selectivity arises in direction-selective cells in the
retina;76 and how temporal specificity is achieved by OFF
bipolar cells (a subgroup of bipolar cells expressing ionotropic
glutamate receptors and becoming depolarized in the dark in
the retina).75

It is now known that glutamate,77,78 GABA,79,80 and glycine,
and to a larger extent DA,81,82 norepinephrine,83,84 seroto-
nin,85−87 and acetylcholine,88,89 within the central nervous
system escape synaptic clefts at physiologically relevant
concentrations or are released from nonsynaptic sites in a
process known as volume transmission.90 In this way, these
NTs or neuromodulators exert influence on target cells via
receptors located at nonsynaptic sites, including receptors
expressed by astrocytes. A critical question is to what extent the
primary mode of action of a particular NT is synaptic or
extrasynaptic in a given brain region under specific conditions.
Further, in those cases in which the principal mode is
extrasynaptic, which cells or subcellular compartments are
exposed to physiologically relevant extracellular concentrations
of NT?
Genetically encoded glutamate sensors can be potentially

transformative for our understanding of the dynamics of
volume transmission of glutamate. These tools have provided a
direct readout for the spatial and temporal extent of synaptic
spillover of glutamate under various conditions in several brain
regions.41,65 iGluSnFR has been used to track the dynamics of
extrasynaptic glutamate at the surface of astrocytes in brain
slices.74 This work is paving the way for a greater understanding
of the function of volume transmission of glutamate in the
central nervous system.

■ THE FUTURE OF NT SENSOR DESIGN
For end users, choosing and implementing the most
appropriate NT sensors and imaging system (e.g., sensor
expression methods, optimizing sensor expression levels to
balance between SNR and potential excitotoxicity, photo-
stability and pH-sensitivity of the sensors, optical instrumenta-
tion, image acquisition and processing algorithms, etc.) is
paramount. In terms of fluorescent calcium imaging, the
strengths and weaknesses of available imaging platforms and
intrinsic and extrinsic properties of genetically encoded probes
in the context of specific applications have been characterized
and reviewed elsewhere.54,55

Otherwise, the ability to monitor neural activity in large
numbers of neurons has been accelerated over the past two
decades by optical methods and molecular tools. Though other
NT detection methods as discussed above have been broadly
used, fluorescent probes remain highly attractive to neuro-
scientists to decode the dynamics of neural circuitry due to

advances in fluorescence microscopy in terms of spatiotemporal
resolution to image individual synapses. Compared to
fluorescent probes such as synthetic small organic molecules,
synthetic genetically encoded hybrid sensors, and cell-based
sensors, genetically encoded fluorescent sensors, are especially
preferred due to their specific genetic labeling, minimal
invasiveness of probe delivery, and high signal-to-noise ratio.
With advances in the optimization of the sensor engineering

pipeline, including protein crystallography, computational
protein design, and high throughput automated screening
platforms, a suite of genetically encoded sensors for a variety of
NTs is now ripe for development. The experience of
developing and optimizing genetically encoded calcium,
voltage, and glutamate sensors can be directly applied to the
development of specific, targetable, and ultrasensitive sensors
for a number of different NTs and neuromodulators. Here we
discuss a few active areas of NT sensor engineering efforts.
Although any proteins that undergo large conformational

changes upon binding of a NT can serve as scaffolds for sensor
engineering, bacterial PBPs for a variety of metabolic ligands
have already proven to be good starting scaffolds for the
systematic design of NT sensors in combination with
computational design and directed-evolution. Promising
candidates for future sensor design include smaller native
GABA binding proteins like PBP Atu242291 and Atu424392

(Figure 3B) from Agrobacterium tumefaciens and PFL_034293

from Pseudomonas f luorescens. These proteins may provide a
direct scaffold for engineering GABA sensors. Advances in
computational design have enabled de novo design of ligand
binding pockets.94 Therefore, it may be possible to transform
the specificity and affinity of scaffold PBPs via computational
redesign of ligand-binding pockets to recognize given NTs. For
example, it may be possible to redesign the glutamate binding
pocket of GltI to bind GABA based on the structural analysis of
the GABA-binding pocket of Atu2422 or human GABAB
receptor.95 Additional optimization of these binding pockets
by computationally mutating neighboring amino acids and
using directed-evolution will be necessary to tune binding
specificity and selectivity.
In addition, extending the color-spectrum of FPs would

greatly increase the potential of NT sensors in terms of
multiplexed imaging of synapses.96 For example, multicolor
imaging of diverse cell types or synapses could reveal the
spatiotemporal relationships between excitatory and inhibitory
signals in shaping neural circuitry. Red-shifted NT sensors
would reduce tissue scattering and phototoxicity, and facilitate
deep imaging. Finally, color-shifted indicators could seamlessly
integrate into calcium imaging and optogenetics experiments.
Similar to iGluSnFR, it is anticipated that NT sensors will be
encoded by DNA and expressed in specific brain regions of
interest in a noninvasive way to allow tracking of NT dynamics
and signaling at specific synaptic classes, as well as to
interrogate the interactions of neurotransmitters within
genetically identified cell populations at both synaptic and
extrasynaptic sites.

■ REAGENT AVAILABILITY
FLIPE and iGluSnFR driven by CMV and T7 promoter are
available from Addgene. AAV virus and pAAV constructs for
iGluSnFR are available from the University of Pennsylvania
Vector Core, driven by a synapsin-1 or GFAP promoter
(http://www.med.upenn.edu/gtp/vectorcore/Catalogue.
shtml).
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