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Abstract The brain has very high energy requirements and
consumes 20% of the oxygen and 25% of the glucose in the
human body. Therefore, the molecular mechanism under-
lying how the brain metabolizes substances to support
neural activity is a fundamental issue for neuroscience
studies. A well-known model in the brain, the astrocyte-
neuron lactate shuttle, postulates that glucose uptake and
glycolytic activity are enhanced in astrocytes upon neu-
ronal activation and that astrocytes transport lactate into
neurons to fulfill their energy requirements. Current
evidence for this hypothesis has yet to reach a clear
consensus, and new concepts beyond the shuttle hypothesis
are emerging. The discrepancy is largely attributed to the
lack of a critical method for real-time monitoring of
metabolic dynamics at cellular resolution. Recent advances
in fluorescent protein-based sensors allow the generation of
a sensitive, specific, real-time readout of subcellular
metabolites and fill the current technological gap. Here,
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we summarize the development of genetically encoded
metabolite sensors and their applications in assessing cell
metabolism in living cells and in vivo, and we believe that
these tools will help to address the issue of elucidating
neural energy metabolism.
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Introduction

The brain is a highly energy-demanding organ, and
although it composes only 2% of the body’s mass, the
brain consumes 20% of the oxygen and 25% of the glucose
in the human body [1]. Thus, the bioenergetics of the brain
has attracted considerable attention in neuroscience
research. Neurons take a dominant share of the brain
energy consumption, approximately up to 80%, and the rest
is used by glial cells [2, 3]. Neurons spend energy on
maintenance of the resting potential, action potentials, and
synaptic potentials, as well as the generation of neuro-
transmitters. Among these, the synaptic potential appears
to be the main energy-consuming process [4], whereas the
action potential has evolved to be energy efficient [5].
Glucose is the obligatory energy substrate of the adult
brain [1, 6] and is catabolized into pyruvate, adenosine
triphosphate (ATP), and reduced nicotinamide adenine
dinucleotide (NADH) in the cytoplasm (Fig. 1). Pyruvate
can be transported into mitochondria for oxidation through
the tricarboxylic acid (TCA) cycle and produces much more
NADH together with flavin adenine dinucleotide. Oxidation
of these reduced coenzymes via the respiratory chain
establishes the proton gradient across the mitochondrial
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Fig. 1 The main pathways of neural energy metabolism. Depicted
are the main substrates and pathways of cellular energy metabolism in
the adult brain. In general, the brain utilizes glucose as an obligatory
fuel and makes use of ketone bodies under certain conditions such as
fasting or strenuous physical activity. Neurons also metabolize
glucose through the pentose phosphate pathway to generate NADPH,
which protects neurons from oxidative stress. Astrocytes can synthe-
size glycogen from glucose and mobilize it to support the energy

membrane and then releases a large number of ATPs. Under
anaerobic conditions, pyruvate is converted into lactate by
lactate dehydrogenase, with the concurrent conversion of
NADH into NAD™. The ratio of pyruvate to lactate is
generally balanced by the ratio of [NAD"] to [NADH] in
metabolic steady state. Lactate is secreted into extracellular
compartments through monocarboxylate transporters. Alter-
natively, glucose runs through the pentose phosphate path-
way with the generation of reduced nicotinamide adenine
dinucleotide phosphate (NADPH), which can be utilized for
biosynthetic reactions and antioxidant defense responses.

In addition to glucose, various metabolites in the brain can
be oxidized for energy production, e.g., lactate, pyruvate,
glutamine, glutamate, or acetate [7]. Among them, lactate as
an energy substrate has been intensively investigated. A
hypothetical model, named the astrocyte-neuron lactate
shuttle (ANLS), proposes that glutamate is released into the
synaptic cleft upon neuronal activation and stimulates the
glucose uptake and aerobic glycolysis of astrocytes, subse-
quently leading to the enhanced secretion of lactate [1, §].
Neurons absorb the lactate to sustain their energy charge
[1, 8-10] (Fig.2). The ANLS hypothesis has been
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demands of both astrocytes and neurons. GLUT, glucose transporter;
MCT, monocarboxylate transporter; GR, glutathione reductase; Gpx,
glutathione peroxidase; MPC, mitochondrial pyruvate carrier; TCA,
tricarboxylic acid cycle; G-6-P, glucose 6-phosphate; GA3P, glycer-
aldehyde-3-phosphate; R-5-P, ribulose 5-phosphate; PPP, pentose
phosphate pathway; GSSG, oxidized glutathione; GSH, reduced
glutathione; ROOH, hydroperoxides.

experimentally interrogated over the last two decades. A clear
consensus has yet to be reached; however, a substantial part of
the experiments have declared inconsistent conclusions that
are sharply contradictory [11, 12]. The novel idea that lactate
acts as a signal transmitter in the metabolic state rather than an
energy substrate makes the controversy more complicated
[13]. Glycogen serves as the glucose storage form and can be
used by astrocytes but not by neurons in the brain [14].

Fatty acids generally make no contribution to brain fuel
due to the existence of the blood-brain barrier and the
restriction of the blood oxygen supply [15]; however, their
metabolic intermediates, ketone bodies, can be quickly
mobilized to supply brain energy under certain physiological
conditions, such as a fasting diet or strenuous physical
exercise [16].

Traditional Assays for Neural Energy Metabolism
There are two main functional brain imaging techniques to

assess the metabolic state in vivo: positron emission
tomography (PET) and functional magnetic resonance
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Fig. 2 The astrocyte-neuron lactate shuttle model. The astrocyte-
neuron lactate shuttle model highlights the important role of lactate
secreted by astrocytes as the fuel for neurons. As proposed in this
model, the neurotransmitter glutamate released upon neuronal
excitation is taken up by astrocytes. On one side, astrocytic glutamate
is used to synthesize glutamine and recycled in neurons for
facilitating glutamate regeneration; on the other side, glutamate
stimulates the glycolytic activity and lactate secretion of astrocytes.
Thereafter, the lactate is transported into neurons to supply the intense

imaging (fMRI) [11, 17-19]. PET utilizes positron-emit-
ting metabolites such as glucose and oxygen as tracers and
allows the determination of the cerebral metabolic rate of
glucose or oxygen consumption, while fMRI mostly
measures brain oxygenation [1].

There are a few accepted methods for assaying metabo-
lites in vitro, including enzymatic cycling assays, chro-
matography, and mass spectrometry. However, these
methods require cell lysis and are incompatible with
studying the dynamics in intact cells. While metabolic flux
analysis, which requires a stable-isotope-labeled metabolite
precursor, is invaluable to the detailed understanding of the
underlying metabolic pathways, it focuses solely on an
often abridged, predefined metabolic network and fails to
quantify reactions in specific compartments [20]. Similar to
metabolomics, metabolic flux analysis is also invasive and
not suitable for the study of metabolite dynamics in living
cells. To monitor the intracellular metabolic state,
researchers have utilized single-photon or dual-photon
microscopy and imaged the weak endogenous fluorescence
of NAD(P)H [10, 21, 22]. Redox reactions catalyzed by

energy consumption of neuronal activities. The metabolite trans-
porters and enzymes predominantly expressed in neurons and
astrocytes are listed. GluR: glutamate receptor; GS: glutamine
synthetase; EAAT: excitatory amino acid transporter; GLUT1 and
GLUTS3: glucose transporter 1 and 3; LDH1 and LDHS: lactate
dehydrogenase 1 and 5; MCT1, MCT2, and MCT4: monocarboxylate
transporter 1, 2, and 4; SNATs: sodium-coupled amino acid
transporters.

various NAD(H)-dependent dehydrogenases are vital in
energy metabolism, such as glycolysis, the TCA cycle, and
oxidative phosphorylation; therefore, the intracellular
NAD"/NADH redox state is often considered a very useful
cellular metabolic readout [23-25]. However, these meth-
ods have drawbacks of low sensitivity, cell injury caused
by ultraviolet irradiation, and insufficient resolution
between NADH and NADPH. In addition, cytosolic signals
are very difficult to be separated and measured from
intense mitochondrial signals because intrinsic NAD(P)H
fluorescence  signals mostly originate from the
mitochondria.

New Tools for Imaging Neural Energy Metabolism

Recently, genetically encoded fluorescent sensors have
been extensively applied to the real-time monitoring of
various metabolic processes [26-29]. These sensors are
usually chimera proteins containing a ligand-sensing
domain and a fluorescent protein (FP) or FP pair.
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Compared to conventional biochemical methods, these
sensors offer a few advantages for cell metabolism
imaging. First, the dynamics of ligand binding or dissoci-
ation are often reversible for FP-based sensors, thus
allowing the real-time recording of metabolic activities
in vitro and in vivo. Second, these sensors are quite easily
introduced into diverse cells by DNA transfection or
targeted to different organelles by tagging with organelle-
specific signal peptides. Third, the fluorescence of these
sensors can be readily recorded by routine equipment such
as a microplate reader, fluorescence microscope, or flow
cytometer.

At present, a few genetically encoded metabolite sensors
have been developed for the detection of cellular energy
metabolism in the brain (Table 1). The sensors in the first
class report the charges of nicotinamide adenine nucleo-
tides in brain energy metabolism and include the NADH
sensors of the Frex family [30]; the NAD™ sensor LigA-
cpVenus [31]; the NAD"/NADH ratio sensors Peredox
[32], RexYFP [33], and SoNar [34, 35]; the NADPH
sensors of the iNap family [36]; and the NADP" sensor
Apollo-NADPﬂL [37] (Table 1). The sensors in the second
class report the adenylate energy charges in brain energy
metabolism and include the ATP sensors in the ATeam
family [38, 39] and the ATP/ADP ratio sensors in the
Perceval family [40, 41] (Table 1). The sensors in the last
class report vital energy substrates in the brain and include
the glucose sensors in the FLIIlnglu family [42, 43], the
lactate sensor Laconic [44], the pyruvate sensor Pyronic
[45], and the glutamine sensors in the FLIPQ-TV3.0 family
[46] (Table 1).

NADH Sensors, Frex Family

The Frex sensor was developed by inserting a circularly
permuted yellow fluorescent protein (cpYFP) between the
tandem structure of the NADH-binding transcription factor
Rex from Bacillus subtilis (B-Rex) [30]. Frex has a 518 nm
emission peak when excited at either 420 nm or 500 nm.
Upon NADH binding, Frex exhibits a 9-fold increase in
fluorescence with 500 nm excitation and an almost con-
stant fluorescence with 420 nm excitation, making it an
intrinsically ratiometric sensor (ratio of 500/420 nm) [30].
This sensor exclusively binds to NADH with a K4 of
~ 37 ymol/L at pH 7.4 and 11 pmol/L at pH 8.0
(Table 1), reflecting the reliable measurement range of
the NADH concentration from 0.15 pumol/L to 90 pmol/L
[29]. The Frex sensor selectively binds to NADH with no
response to a physiological concentration of free NAD™,
enabling it to accurately measure cellular NADH regard-
less of the NAD'T/NADH ratio [35]. Two Frex variants
have also been developed to better measure low cytosolic
NADH levels and high mitochondrial NADH levels; one is
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the higher-affinity FrexH sensor with an apparent Ky of
40 nmol/L at pH 7.4 and the other is the lower-affinity
C3L194K sensor with an apparent K4 of 50 umol/L at pH
8.0 [30]. Frex sensors respond to physiological pH
fluctuations (pH 6.0-8.0) since they are based on the pH-
sensitive cpYFP. In addition, the fluorescence of Frex
sensors is also weak, often 10-fold lower than that of
cpYFP [30, 34]. The Frex family sensors have been used to
investigate the NADH dynamics affected by NADH
transport, glycolysis, mitochondrial activity, and redox
perturbation [30], as well as the malate-aspartate NADH
shuttle activity in cancer cells [47].

NAD™* Sensor, LigA-cpVenus

The NAD" sensor LigA-cpVenus is composed of the
NAD™-binding DNA ligase from bacteria (LigA) and
circularly-permuted Venus fluorescent protein (cpVenus)
[31]. LigA-cpVenus shows a major excitation peak at
500 nm and a minor peak at 405 nm, with a single
emission peak at 520 nm. Upon NAD' binding, the
fluorescence of LigA-cpVenus excited at 488 nm decreases
by 50%, while its fluorescence excited at 405 nm remains
constant, rendering a change in the fluorescence ratio
(488 nm/405 nm) up to ~ 100%. The sensor exhibits high
specificity and a reversible response to NAD' with an
apparent K4 of 65 umol/L (Table 1). Similar to cpVenus,
the sensor is also sensitive to pH effects. Using this sensor,
Xiaolu A. Cambronne et al. reported that cytosolic NAD™
can be transported to mitochondria [31].

NAD*/NADH Ratio Sensor, Peredox

Peredox is constructed by inserting a circularly-permutated
T-sapphire (cpT-sapphire) fluorescent protein between two
truncated units of the thermophilic Rex from Thermus
aquaticus (T-Rex) [32]. Peredox has a high affinity toward
NADH with no response to NAD'; however, NAD"
competes with NADH for binding and lowers the fluores-
cence response of Peredox to NADH. Thus, Peredox
reports the NAD'/NADH ratio rather than the NADH
level. However, Peredox’s fluorescence response is not
strictly dependent on the NAD"/NADH ratio because a 3-
fold change in the NAD™ pool size in the physiological
range produces a 2-fold change in the sensor midpoint of
the NADT/NADH ratio [32]. The affinity of Peredox with a
Knapt/Napu Of 330 makes it easily saturated in some
cellular contexts. Peredox has a 150% dynamic range,
which is much smaller than that of Frex and SoNar sensors
(Table 1). Peredox is an intensiometric sensor and has an
excitation maximum at 400 nm and an emission maximum
at 510 nm [32]. To achieve a ratiometric measurement,
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Peredox is fused with the red fluorescent protein mCherry.
The fusion sensor, however, is prone to aggregation in
mammalian cells [32]. Among the NAD"/NADH ratio
sensors, Peredox is the only pH-resistant sensor, enabling
its application under some conditions in which pH
fluctuates [32]. Currently, this sensor has been exploited
to monitor the cytosolic NAD*/NADH response to PI3K
signaling pathway inhibition [32] and mitochondrial Ca**
loading [48].

NAD*/NADH Ratio Sensor, RexYFP

RexYFP is engineered by embedding cpYFP in a T-Rex
monomer with the short oligopeptide linkers SAG and GT
[33]. RexYFP’s spectra have a single excitation peak at
490 nm and a single emission peak at 518 nm, with a 50%
dynamic range (Table 1). This sensor can bind to either
NADH or NADPH with dissociation constants of
0.18 umol/L and 6.2 pmol/L, respectively [33]. This
property indicates that interference with NADPH at a
physiological concentration should be taken into consider-
ation. Similar to Frex and SoNar, RexYFP’s fluorescence is
sensitive to pH. This sensor has been used to study the
influence of mitochondrial activities on the cellular NAD™/
NADH redox state [33, 49].

NAD*/NADH Ratio Sensor, SoNar

SoNar is a recently-developed NAD'/NADH sensor
[34, 35]. It is also the smallest sensor among the NAD™/
NADH sensors described above and consists of a cpYFP
insertion behind residue 189 of the truncated T-Rex via the
short oligopeptide linkers SAG and G. SoNar is an
intrinsically ratiometric sensor with two excitation max-
ima, at 418 nm and 500 nm, and one emission maximum at
518 nm. SoNar exhibits an opposite directional change in
the presence of NADH or NAD™, with an apparent Ky of
0.2 umol/L for NADH and 5 pumol/L for NAD™" at pH 7.4,
making it a separate sensor for NADH or NAD™ in vitro
when only one of the forms exists. Unlike Peredox,
SoNar’s response strictly depends on the NAD'/NADH
ratio rather than the absolute concentration of NAD™ or
NADH [34] in physiological conditions. The sensor has an
apparent Kyap+/napu Of 40 (Table 1), making it able to
report a wide range of NAD'/NADH ratios with little risk
of saturation. In comparison with the time resolution of
Peredox of few seconds [32], SoNar’s response to a ligand
is immediate [34]. SoNar has a 1500% dynamic range,
almost 10-fold greater than that of Peredox and 2-fold
greater than that of Frex, making it one of the most
responsive genetically encoded sensors currently available.
SoNar exhibits intense fluorescence, 2- to 100-fold greater
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than that of Frex, Peredox, and cpYFP [34]. When excited
at 485 nm, SoNar’s fluorescence is also affected by pH
fluctuations, as other cpYFP-based sensors, whereas the
dynamic range and Kyap+/napn Of its fluorescence excited
at 420 nm are more pH-resistant [34]. The above ideal
properties of SoNar enable it to track subtle metabolic
changes over a broad range of NAD"/NADH ratios and
perform well in in vivo studies involving mammalian
models and high-throughput screening [34, 35, 50, 51].

NADPH Sensor, iNaps

Very recently, we developed a series of highly responsive
NADPH sensors by engineering SoNar’s binding site to
switch its ligand selectivity from NADH to NADPH [36].
The four members of iNaps, iNapl-4, have similar
fluorescent properties but cover a wide range of NADPH
detection, with Ky varying from 2 pmol/L to 120 pmol/L
(Table 1). Similar to SoNar, iNapl has two excitation
maxima, at ~ 420 nm and 500 nm, and one emission
maximum at 515 nm. When binding to NADPH, the
fluorescence of iNapl with 420 nm excitation rises by 3.5-
fold and that with 485 nm excitation drops by 2.5-fold,
leading to a 9-fold ratiometric fluorescence change. The
dynamic range of iNapl remains constant under temper-
ature variations from 20 °C to 42 °C. iNap sensors have
inherited most of their favorable characteristics from
SoNar, including a large dynamic range, rapid responsive-
ness, intense fluorescence, targeting of subcellular orga-
nelles, ratiometric imaging, and dynamic measurements in
living cells and in vivo [36]. Similar to SoNar, the
fluorescence excited at 420 nm but not at 485 nm is pH
resistant; therefore, a ratiometric and pH-resistant mea-
surement can be achieved by fusion to the red fluorescent
protein mCherry or by normalization to a control FP iNapc
[36]. iNap sensors are valuable tools for monitoring
NADPH dynamics under physiological and stress condi-
tions in both live cells and zebrafish [36].

NADP* Sensor, Apollo-NADP*

The NADP™ sensor Apollo-NADP* was created by fusing
a human glucose-6-phosphate dehydrogenase (G6PD)
mutant to a fluorescent protein [37]. The G6PD mutant
protein is enzymatically inactive and binds exclusively to
NADP™" with an apparent Ky varying from 0.1 pmol/L to
20 pumol/L [37] (Table 1). Binding to NADP™ induces the
homodimerization of the G6PD mutant, thereby eliciting a
FRET (fluorescence resonance energy transfer) signal
between homologous fluorescent proteins [37]. The mea-
surements of Apollo-NADP™ sensors are based on steady-
state fluorescence anisotropy, which is the ratio of the
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parallel to perpendicular emission intensity upon polarized
light excitation. The anisotropy readout of the sensors is
pH-resistant within a pH range of 7.25-8.0. A significant
advantage of Apollo-NADP™ sensors is that their fluores-
cent proteins are tunable, enabling multiplex imaging. The
dynamic responses of the sensors, however, are as small as
15%-20%. In practice, the response may be 5% or less in
live cells, limiting the efficient application of these sensors
under physiological conditions. A possible improvement
that may enhance the homologous FRET efficiency is the
use of fluorescent proteins smaller than those in the GFP
family, for example, the eel fluorescent protein UnaG.
Cameron et al. used a Cerulean-tagged version of Apollo-
NADP™ to study B-TC3 cells responding to oxidative stress
and demonstrated by multiplex imaging that NADPH is
significantly depleted before H,O, accumulation [37].

ATP Sensor, ATeam

ATeam sensors are FRET-based sensors for ATP that are
composed of the epsilon subunit of Bacillus subtilis FyF,-
ATP synthase and a FRET fluorescent protein pair (the
cyan fluorescent protein mseCFP and the yellow fluores-
cent protein mVenus) [38]. ATeam has four variants
(AT3.10, AT3.10MK AT1.03YEMK and AT1.03), whose
K4 for ATP ranges from 7.4 pmol/L to 3.3 mmol/L [38]
(Table 1). The dissociation constant depends considerably
on the temperature, with a 5-fold increase from an
elevation of 10 °C. Tsuyama et al. reported the develop-
ment of a modified version, AT1.03NL, to improve the
performance of ATI1.03 at relatively low temperatures
(20 °C-30 °C) [39]. AT1.03NL detects ATP changes more
sensitively than the original AT1.03 in Drosophila
melanogaster and Caenorhabditis elegans, which are
typically cultured between 20 °C and 25 °C. Upon ATP
binding, the fluorescence ratio (mVenus/mseCFP) of
AT1.03 increases by ~ 2.3-fold. Compared to the signals
of cpYFP-based sensors, ATeam’s FRET signal is resistant
to physiological pH disturbances. ATeam sensors respond
rapidly and have been used for studying the bioenergetics
of cancer cells [52] and the chemical screening of
immunogenic cell death [53].

ATP/ADP Sensor, PercevalHR

PercevalHR [41] is an improved version of the original
ATP/ADP sensor Perceval [40]. The monomer structure of
the sensor was invented by inserting circularly-permuted
mVenus into an ATP-binding protein from Methanocaldo-
coccus jannaschii, GInK1, and the common form com-
prises a monomer chimera structure with two tandem
GInK1 proteins [40]. The PercevalHR sensor has two
distinct excitation peaks, at 420 nm and 500 nm, and one

emission peak at 515 nm. ATP binding increases the
fluorescence from 500 nm excitation and ADP binding
increases the fluorescence from 420 nm excitation, leading
to a signal change of ~ 8-fold [41]. The affinity of
PercevalHR for ATP or ADP is quite high, with apparent
dissociation constants (Ky) of 1-3 umol/L, thus it is always
occupied by either ATP or ADP at their physiological
concentrations. This characteristic enables PercevalHR to
report the ATP/ADP ratio rather than the ATP or ADP
level. PercevalHR shows a half-maximal change
(KaTtp/app) Of ~ 3.5 and covers a reliable detection range
of 0.4 to 40 [41] (Table 1). Like many cpFP-based sensors,
the fluorescence signal of PercevalHR also depends on the
pH. PercevalHR has been used to visualize the association
between the cellular energy state and the opening of K*
channels [41] and to study the influence of axonal
mitochondrial transport on the cellular energy state in
neurons [54].

Glucose Sensor, FLII'?Pglu

The FLII'’Pglu glucose sensors, which are modified
versions of the original glucose sensor FLIPglu-600pn
[55], are composed of the Escherichia coli glucose-binding
protein MglB and a FRET pair (eCFP/citrine-eYFP) [42].
The addition of glucose to this sensor induces a decrease in
eCFP emission and an increase in Citrine-eYFP emission.
FLII'*Pglu has five variants (FLII'*Pglu-600p, FLIT'*Pglu-
10aa, FLIT'’Pglu-15aa, FLII'?Pglu-84, and FLII'’Pglu-
700u86), whose K, for glucose ranges from ~ 0.6 mmol/
L to ~ 2.65 mmol/L in vitro. Upon glucose binding, the
ratios of FLII'?Pglu sensors change by 30%—65%
(Table 1). Compared to the original FLIPglu-600y, FLIT'*
Pglu-700u66 has a higher ratio change (50%) and a wider
detection range (0.05 mmol/L-9.6 mmol/L) for glucose
[42]. These glucose sensors have been applied to the real-
time monitoring of glucose dynamics in yeast and mam-
malian cells [43, 56]. Very recently, we developed a
highly-responsive, cpYFP-based  glucose Sensor,
FGBPy,», which displays an ~ 700% fluorescence
change in vitro, almost 10-fold greater than that of
FRET-based glucose sensors [57] (Table 1).

Lactate Sensor, Laconic

Laconic is a FRET-based lactate sensor and composed of
the E. coli transcription factor LIdR and a FRET pair
(mTFP/Venus) [44]. Laconic has two apparent K, values of
~ 8 pmol/LL and ~ 830 umol/L and can quantify lactate
from 1 pumol/L to 10 mmol/L (Table 1). Notably, the
sensor can bind to citrate at high concentrations. In
addition, pyruvate blocks the response of Laconic to low
levels of lactate [44]. Laconic has a very small dynamic
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range (~ 10%), making the tracking of subtle changes
under physiological conditions difficult. This sensor has
been used for monitoring the lactate flux under hypoxic
stress in cancer cells [58] and in astrocytes [59].

Pyruvate Sensor, Pyronic

Pyronic is a FRET-based pyruvate sensor and similar in
design to the lactate sensor Laconic [45]. It is composed of
the E. coli transcriptional regulator PdhR and a FRET pair
(mTFP/Venus). Pyronic has an apparent Ky of
~ 107 pymol/L for pyruvate and an ~ 20% dynamic
range [45] (Table 1). This sensor has high specificity and
pH resistance. Pyronic has been used to investigate the
effect of ammonium ions on lactate production in astro-
cytes [59].

Glutamine Sensors, FLIPQ-TV3.0 Family

The sensors in the FLIPQ-TV3.0 family are improved
FRET-based glutamine sensors and consist of the E. coli
glutamine-binding protein glnH and a FRET fluorescent
protein pair (monomeric teal fluorescent protein mTFP1
and Venus) [46]. FLIPQ-TV3.0_R75K, R75M, DI57N,
R75MY86A, and R7SMW220A variants have an apparent
Ky for glutamine of 1.5 pmol/L, 50 pmol/L, 130 pmol/L,
1.6 mmol/L, and 7.6 mmol/L, respectively (Table 1).
Mammalian glutamine concentrations are expected to be
1-22 mmol/L  [46]; thus, the R75MY86A and
R75MW220A mutants are more suitable for detection of
physiological levels of glutamine. Similar to most FRET-
based sensors, these two sensors have a small dynamic
range (~ 13%), which considerably decreases with
increases in pH, especially in the physiological pH range
(pH 7.0-8.0), making them barely applicable to mitochon-
dria (pH 8.0). Using these sensors, Gruenwald et al.
demonstrated that glutamine transporter activity can easily
be analyzed in living cells [46].

A Practical Guide to Metabolite Sensors

In the applications of the sensors described above, careful
consideration should be given to the following issues,
namely, the sensor’s affinity, fluorescence readout, and pH
sensitivity. Metabolism is highly compartmentalized in
cells, and the cytoplasm and mitochondria are the main
locations of energy metabolism. Thus, an important issue
for sensor usage is that the affinity of the sensor must
match the physiological concentration of metabolite in the
organelles or cells of interest.

The free NADH level in cytosol is ~ 0.12 umol/L and
in mitochondria ~ 30 pmol/L [30]. Thus, we recommend
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SoNar (0.2 pmol/L), RexYFP (0.18 pmol/L), FrexH
(40 nmol/L), and Peredox (the first version, < 5 nmol/L),
with high affinity for NADH, for detection of the cytosolic
NAD'/NADH redox state, and the Frex (11 pmol/L, pH
8.0) and C3L194K (50 umol/L, pH 8.0) sensors, with low
affinity for NADH, for mitochondrial NADH detection
(Table 1). The free NAD™ level in cytosol is ~ 106 pmol/
L and in mitochondria ~ 230 pmol/L [31]. The LigA-
cpVenus sensor has an apparent K3 of 65 pmol/L for
NAD™, which is compatible with the cytosolic NAD™ pool
in mammalian cells. However, LigA-cpVenus may be
mostly saturated by NAD™ in mitochondria, so it works
less well under NAD"-boosting conditions.

The free NADPH concentration in the cytosol is
~ 3 umol/L and in mitochondria ~ 37 umol/L [36].
The iNap family, with different affinities for NADPH,
covers the physiological range of NADPH. We recommend
iNapl (2 umol/L), with high affinity for NADPH, for
cytosolic NADPH detection and iNap3 (25 umol/L), with
low affinity for NADPH, for mitochondrial NADPH
detection (Table 1). Apollo-NADPjL sensors have an
apparent K4 of 0.1 to 20 umol/L and are compatible with
cytosolic applications. We should note that Apollo-
NADP™ cannot easily target other organelles owing to its
specific properties.

The ATP concentration in the cytosol of mammalian
cells reaches millimolar concentrations [4], and the ADP
concentration is 3- to 10-fold lower [60]. Interestingly, the
ATP levels in mitochondria are significantly lower than
those in the cytosol [38]. Thus, AT1.03 (3.3 mmol/L), with
a low affinity for ATP, is recommended for cytosolic ATP
measurements, and AT1.03YEMK (2.1 mmol/L), with a
high affinity for ATP, for mitochondrial ATP measure-
ments (Table 1). PercevalHR can report an increase or
decrease in the ATP/ADP ratio in the cytosol. However, as
we have seen, the PercevalHR sensor has not been tested in
mitochondria. In view of the sensor affinity, FLII'*Pglu-
700u86, Laconic, Pyronic, and FLIPQ-TV3.0 are more
suitable for cytosolic glucose, lactate, pyruvate, and
glutamine detection, respectively.

Once an appropriate sensor is chosen, the next consid-
eration is the readout of the sensor’s fluorescence. Typi-
cally, ratiometric measurements are preferred because their
readouts are not dependent on the sensor expression. The
Frex family, LigA-cpVenus, SoNar, the iNap family, and
PercevalHR are single fluorescent protein-based sensors,
and their ratiometric measurements are based on the ratio
of the outputs from the two excitation channels. ATeam,
FLIIlnglu-700u56, Laconic, Pyronic, and FLIPQ-TV3.0
are FRET-based sensors, and their ratiometric measure-
ments are based on the ratio of the outputs from the two
emission channels. RexYFP and Peredox are intensiomet-
ric sensors. Their ratiometric measurements are dependent
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on the fusion of the red fluorescent protein mCherry. For
Apollo-NADP™ sensors, the imaging of steady-state fluo-
rescence anisotropy is heavily dependent on sophisticated
instrumentation that is not readily available in most
laboratories.

The sensor’s pH sensitivity should be carefully consid-
ered, especially in contexts where the pH fluctuates, such
as the mitochondrial matrix. Among the sensors discussed
above, Peredox, Apollo-NADP', ATeam, FLII'*Pglu-
70006, Pyronic, and FLIPQ-TV3.0 are relatively pH-
resistant, whereas the Frex family, SoNar, RexYFP, LigA-
cpVenus, iNap family, PercevalHR, and Laconic are highly
pH-sensitive. Typically, the pH effects on metabolite
sensors may be corrected by measuring the fluorescence
of the metabolite sensor and the control sensor in parallel
because of their very similar pH responses. Taking the
iNapl sensor as an example of correction of pH effects
with iNapc, we suggest that users always measure the
fluorescence ratio of iNapc and iNapl in parallel experi-
ments and then calculate the pH-corrected ratio (R’ iNap1) Of
cells as follows: R,iNapl = RiNapl/RiNapc (RiNapl and RiNapc
represent the excitation ratio 420/485 nm for iNapl and
iNapc, respectively).

Application to the Study of Neural Energy
Metabolism

A few important questions on neural energy metabolism
remain unsolved [61-63]. The most controversial issue is
whether the energy charge of neurons depends on their
oxidization of glucose or on the lactate from astrocytes
during neuronal activity. Another question is how neuronal
activity rewires the energy metabolism to support neuronal
functions. Finally, since energy is consumed mostly at
synaptic sites that are remote from cell bodies, how is the
local energy supply realized in synapses? We summarize
the direct evidence related to these questions, focusing on
the application of the sensors noted above.

Previous studies of NAD(P)H autofluorescence [10]
and a fluorescent glucose tracer [64] have suggested that
brain activation enhances more glycolytic metabolism in
astrocytes than in neurons, but the visualization of lactate
metabolism in the brain was not realized until recently by
the application of the lactate sensor Laconic and the
pyruvate sensor Pyronic [65]. These sensors were specif-
ically expressed in neurons or astrocytes in the primary
somatosensory cortex of the mouse brain. Under anesthe-
sia, an intravenous infusion of lactate raises the Laconic
signal more in neurons than in astrocytes, and pyruvate
infusion lowers the Laconic signal in neurons much less
than in astrocytes. Combined with the biochemical assays

of lactate in blood, these results define a lactate concen-
tration gradient from astrocytes to neurons under resting
conditions. The lactate sensor was further used to
elucidate the lactate shuttle during physiological neural
activity. In adult mice, electrical stimulation induces an
increase in the cytosolic lactate level [66]. Exogenous K™
[66] or NH," [59] leads to an apparent elevation of the
lactate level in 293T cells when astrocytes are co-cultured
with 293T cells, implicating the ion-induced lactate
shuttle from astrocytes. Collectively, these studies sub-
stantially support the astrocyte-neuron lactate shuttle
model (Fig. 3, pathway @).

Evidence opposing the ANLS hypothesis has been
accumulating. In an acute hippocampal slice, the metabolic
response of neurons to stimulation was evaluated by the
NAD'/NADH sensor Peredox and the glucose sensor
Sweeties [67]. Synaptic stimulation immediately triggered
a small decrease in the neuronal glucose level and then a
large increase in the NADH/NAD™ level [67]. Inhibition of
neither lactate transport nor the mitochondrial NADH
shuttle pathway affected the transient NADH/NAD™
increase, while an ionotropic glutamate transporter inhi-
bitor or a glycolytic inhibitor mitigated this increase. These
findings demonstrate that neuronal activation elicits a
transient increase in the glycolytic flux, which is largely
independent of lactate uptake. Of note is that monocar-
boxylate transporter inhibitors give rise to a small but
discernable decline in NADH/NAD™ when neurons are in a
resting state, suggesting that the lactate shuttle occurs
under baseline conditions [67] (Fig. 3, pathway @).
Similarly, the infrared-labeled glucose tracer 2DG-RI
supports the viewpoint of the direct uptake of glucose by
neurons [68] (Fig. 3, pathway ®). In contrast, luciferase-
based imaging of ATP dynamics and functional studies
have noted the importance of the energy expenditure by
synaptic vesicle cycling [4] and the axonal energy supply
by oligodendroglial cells [63, 69, 70] (Fig. 3, pathway @®).

In summary, diverse cellular mechanisms for neural
energy metabolism have been proposed. Recently, a novel
proposal has emerged that lactate is a preferential energy
substrate over glucose in cancer [71] as well as in
physiological conditions [72]. Genetically-encoded fluo-
rescent sensors are a promising tool to address questions on
neural energy metabolism.

Conclusions and Outlook
Genetically-encoded fluorescent sensors allow the spa-
tiotemporal imaging of metabolite dynamics in living cells

and in vivo. These sensors not only can be applied to the
quantification of metabolite concentrations at the single-
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Fig. 3 Diverse proposed mod-
els of neural energy metabo-
lism. At least four models of
neural energy metabolism have
been proposed based on the
current evidence. The first
model (®) is the ANLS
hypothesis, which proposes that
neuronal activity augments
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suggests that the lactate shuttle
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cell level and even the subcellular level; more importantly,
they are valuable tools for the systematic analysis of
regulatory networks affecting metabolite flux, i.e., uptake,
efflux, and metabolism. Therefore, these sensors provide
good alternatives to traditional biochemical methods.
There is no doubt that a few challenges still lie ahead. At
present, the sensors for NAD(P)"/NAD(P)H, ATP/ADP,
and glucose show good performance (i.e., large dynamic
range, appropriate affinity, and intense fluorescence) in
practical application, while there is a pressing need for the
optimization of sensors for lactate, pyruvate, and glutamine
due to their small dynamic changes, inappropriate affinity,
or pH sensitivity [44—46]. For example, the lactate sensor
Laconic may become saturated by lactate in highly
glycolytic cells, which produce large amounts of lactate;
furthermore, lactate-induced acidification also may intro-
duce an error in lactate determination during glycolysis
because of the sensor’s pH sensitivity. All these factors
make it difficult for Laconic to track subtle changes under
physiological conditions. Glycolysis-produced lactate may
be taken up into cells, converted back to pyruvate, and
processed by the TCA cycle and oxidative phosphorylation
in mitochondria. The pH-derived artifact is greater for the
poorly responsive pyruvate sensor Pyronic, especially in
mitochondria, whose pH is labile depending on the energy
metabolism state and reactive oxygen species generation.

@ Springer
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In addition, the glucose sensors in the FLII'*Pglu family,
the lactate sensor Laconic, the pyruvate sensor Pyronic,
and glutamine sensors are based on FRET and have similar
colors; thus, they cannot operate in the same subcellular
location. Thus, the development of sensors with various
colors, especially red, is very important, and such sensors
will be favorable for the multiplex imaging of metabolites
at the single-cell level and between different cell types.
When they combine the advantages of metabolomics and
metabolic flux analysis in delineating global metabolite
profiling and metabolic networks, these sensors will
provide deep insight into metabolic regulation and expand
our knowledge of metabolism in health and disease.
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