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1  | INTRODUC TION

Glucose is an essential energy source in the brain. Brain glucose 
distribution and utilization has long been studied by several ap‐
proaches like autoradiography (Sokoloff et al., 1977), magnetic 
resonance spectroscopy (Ven et al., 2011), and positron emission 
tomography (Fox, Raichle, Mintun, & Dence, 1988). However, none 

of these methods provides enough temporal or spatial resolution to 
reveal glucose dynamics in individual cells in response to naturalistic 
stimulation (reviewed by Mergenthaler, Lindauer, Dienel, & Meisel, 
2013). A newer alternative is the use of fluorescent glucose analogs 
(Chiquita, Quilichini, Nimchinsky, & Buzsáki, 2010; Lundgaard et al., 
2015; Porras, Loaiza, & Barros, 2004). All of these methods measure 
the behavior of glucose analogs rather than glucose itself, and these 
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Abstract
Glucose is an essential source of energy for the brain. Recently, the development of 
genetically encoded fluorescent biosensors has allowed real time visualization of glu‐
cose dynamics from individual neurons and astrocytes. A major difficulty for this 
approach, even for ratiometric sensors, is the lack of a practical method to convert 
such measurements into actual concentrations in ex vivo brain tissue or in vivo. 
Fluorescence lifetime imaging provides a strategy to overcome this. In a previous 
study, we reported the lifetime glucose sensor iGlucoSnFR‐TS (then called SweetieTS) 
for monitoring changes in neuronal glucose levels in response to stimulation. This 
genetically encoded sensor was generated by combining the Thermus thermophilus 
glucose‐binding protein with a circularly permuted variant of the monomeric fluores‐
cent protein T‐Sapphire. Here, we provide more details on iGlucoSnFR‐TS design and 
characterization, as well as pH and temperature sensitivities. For accurate estimation 
of glucose concentrations, the sensor must be calibrated at the same temperature as 
the experiments. We find that when the extracellular glucose concentration is in the 
range 2–10 mM, the intracellular glucose concentration in hippocampal neurons from 
acute brain slices is ~20% of the nominal external glucose concentration (~0.4–2 mM). 
We also measured the cytosolic neuronal glucose concentration in vivo, finding a 
range of ~0.7–2.5 mM in cortical neurons from awake mice.

K E Y W O R D S

energy metabolism, fluorescent biosensor, glucose metabolism

 10974547, 2019, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.24433 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [28/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4352-2496
https://orcid.org/0000-0002-1035-2574
https://orcid.org/0000-0003-2294-4515
mailto:﻿
https://orcid.org/0000-0003-4228-7866
mailto:gary_yellen@hms.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjnr.24433&domain=pdf&date_stamp=2019-05-20


     |  947DÍAZ‐GARCÍA et al.

glucose analogs can have different (i) transport or phosphorylation 
rates, (ii) cellular accumulation, and (iii) competition with glucose for 
enzymes. These factors complicate data interpretation and direct 
comparison among studies (Dienel, 2012).

The use of genetically encoded fluorescent biosensors can 
overcome these limitations. A ratiometric FRET sensor for glucose 
(Fehr, Lalonde, Ehrhardt, & Frommer, 2004; Takanaga, Chaudhuri, & 
Frommer, 2008) has been used to detect changes in the intracellu‐
lar glucose levels from neurons (Piquet et al., 2018) and astrocytes 
(Bittner et al., 2010, 2011; Ruminot, Schmälzle, Leyton, Barros, & 
Deitmer, 2019). However, the quantitative assessment of cytosolic 
glucose concentration in individual cells is still a cumbersome pro‐
cess. In vitro calibrations (i.e., using purified protein) may deviate 
from the expected behavior in cells because of differences in the 
cellular environment, requiring in situ calibration instead (Looger, 
Lalonde, & Frommer, 2005). Cell permeabilization is often needed 
to achieve the latter, which might sometimes be suitable in cultured 
cells, but it is incompatible with more complex preparations like 
brain slices, or imaging experiments in vivo. Use of fluorescence life‐
time measurements provides a calibratable optical measurement, 
independent of the biosensor concentration, to allow quantitative 
biosensor measurements that can be directly compared between in 
vitro and brain slice or in vivo measurements (Yellen & Mongeon, 
2015).

We recently used a fluorescence lifetime sensor as a readout 
of cytosolic glucose levels in resting and stimulated neurons (Díaz‐
García et al., 2017). This genetically encoded sensor harnesses the 
glucose‐sensing domain from a bacterial protein, coupled to a fluo‐
rescent protein; a similar combination (using a different fluorescent 
protein) was previously engineered into a fluorescence intensity‐
based sensor (Keller & Looger, 2016; Keller et al., 2019; Marvin, 
Looger, Lee, & Schreiter, 2018). Here, we present a characterization 
of the lifetime glucose sensor iGlucoSnFR‐TS (previously referred to 
as SweetieTS), along with an in‐cell calibration that is suitable for 
the experimental data obtained in intact cells. The in‐cell calibration 
was also used to determine the steady‐state glucose concentration 

in individual dentate granule neurons from acute hippocampal slices, 
and its relationship with glucose concentration in the external solu‐
tion. We also imaged the sensor in cortical neurons in vivo to mea‐
sure the neuronal glucose concentration in awake mice.

2  | MATERIAL S AND METHODS

2.1 | Reagents

All reagents were purchased from Sigma‐Aldrich (St. Louis, MO), un‐
less otherwise specified.

2.2 | Animals

Brain slice experiments and in vivo imaging were performed using 
brains of male and female wild‐type mice (C57BL/6NCrl; Charles 
River Laboratories). Animals were housed in a barrier facility in  
individually ventilated cages with ad libitum access to standard 
chow diet (PicoLab 5053). All experiments were performed in 
compliance with the NIH Guide for the Care and Use of Laboratory 
Animals and the Animal Welfare Act. The Harvard Medical Area 
Standing Committee on Animals approved all procedures involv‐
ing animals.

2.3 | Sensor design, screening, and characterization

Gene construction, protein purification, and sensor characterization 
were performed as previously described (Díaz‐García et al., 2017; 
Hung, Albeck, Tantama, & Yellen, 2011).

Protein purification was performed using a Ni Sepharose 6 Fast 
Flow histidine‐tagged protein purification resin (GE Healthcare), fol‐
lowing the manufacturer instructions. The resulting eluate was dia‐
lyzed in 5 mM of MOPS, 300 mM of NaCl, 10% of glycerol, pH 7.4, 
and then diluted 1:10 in 100 mM of MOPS, 50 mM of KCl, 5 mM of 
NaCl, 0.5 mM of MgCl2, and pH 7.4. Excitation maxima were deter‐
mined from the spectrum scanned between 390 and 500 nm in 5 nm 
increments, using a Biotek Synergy 4 micro‐plate reader (BioTek 
Instruments, VT). The emission spectrum was also obtained scan‐
ning from 435 to 630 nm in 5 nm increments.

Fluorescence lifetime measurements were performed on the 
same samples using a PR1 plate reader connected to a FLS 980 
Spectrometer (Edinburgh Photonics, UK). Illumination was delivered 
by a pulsed supercontinuum laser Fianium WhiteLase Micro (NKT 
Photonics, Denmark), filtered by an adjustable bandpass interfer‐
ence filter. The excitation wavelength was set to 435/20 and the 
emission was collected at 515/20. Several glucose concentrations 
were tested to obtain dose–response curves in 96‐well microplates 
(0.1, 0.3, 1, 3, and 10 mM). The pH‐dependence of the sensor was 
also determined by adjusting the pH values to 6.5, 6.8, 7.1, 7.4, and 
7.7. The experiments with purified protein using 1p‐excitation were 
carried out at room temperature.

To obtain the dose–response curves, the fluorescence lifetime 
(LT, in ns) data from each experiment was plotted as a function of 

Significance
Glucose fuels energy production in the brain. Thus, monitor‐
ing glucose inside cells is important to understand brain me‐
tabolism in health and disease. However, knowing the exact 
glucose concentration at any moment in a particular cell is a 
challenging task. Here, we characterize a genetically encoded 
sensor that changes its fluorescence lifetime in response to 
glucose. Using fluorescence lifetime microscopy, a sensor 
calibration in permeabilized cells is used to calculate glucose 
concentrations in individual neurons from brain slices and 
visual cortex from awake mice. This tool can be applied for 
quantitative assessment of glucose levels in different cell‐
types of the brain.
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glucose concentration ([glucose], in mM), and then fitted to a Hill 
equation with the form of Equation 1:

where LTmin and LTmax correspond to lifetimes at the lower and upper 
asymptotes, respectively, K0.5 (in mM) is the midpoint of the curve 
and nH is the Hill coefficient, which was fixed to 1.

2.4 | Calculation of fluorescence lifetimes

Reported lifetime values are a standardized “tau8” value defined as:

where f(t) is the best‐fit two‐exponential function to the lifetime 
decay histogram, with the form:

Fitting is performed as described in Mongeon, Venkatachalam, and 
Yellen (2016). Restricting the averaging to the approximate time 
window of the actual data avoids spurious contributions of the fit 
function beyond the measurement range (where different two‐ex‐
ponential fits that fit the data equally well may diverge), and thus 
minimizes differences between individual fits and individual exper‐
imental setups.

Calculating the definite integral from Equation 2 for the function 
defined in Equation 3, results in the “tau8” value of:

2.5 | Cell culture and transfection

The cell line HEK293T (ATCC) was grown in Minimum Essential 
Medium (Gibco or Sigma) containing 5.6 mM of glucose, supple‐
mented with 10% of fetal bovine serum, 100 units/ml of penicillin G, 
100 μg/ml of streptomycin, and 2 mM of L‐glutamine or Glutamax. 
Cell cultures were maintained at 37°C in 5% CO2 and 95% air with 
humidification.

For transfection, cells were seeded onto protamine‐coated cov‐
erslips inside 6‐well plates until they reached ~50% confluence; they 
were washed with 2 ml of PBS, and then transfected with 0.4 µg of a 
plasmid encoding for iGlucoSnFR‐TS under the CAG promoter, using 
the Effectene Transfection kit (Qiagen), following the manufacturer 
instructions.

Intact HEK293T cells were imaged 2–7 days after transfection 
at ~34°C, using a perfusion rate of 5 ml/min. The bathing solution 

contained (in mM): 140 of NaCl, 2.5 of KCl, 10 of HEPES, 1 of MgCl2, 
2 of CaCl2, and pH 7.4. The glucose concentration was varied during 
the experiments. In a subset of experiments, cells were incubated at 
room temperature with 0.5 mM of iodoacetic acid (IAA) for 10 min 
to inhibit glucose consumption by the enzyme GAPDH, and then 
transferred to the perfusion chamber.

2.6 | In‐cell calibration of the glucose sensor

An in‐cell calibration should reflect sensor behavior more accurately, 
since the cellular environment is preserved. For this, we designed 
an extracellular solution that mimics the ionic composition of the 
cytosol, and causes minimal interference with the expected be‐
havior of the sensor. The solution where glucose was applied con‐
tained physiological concentrations of K+, Na+and Cl− (Alberts et al., 
2002), along with gluconate as the major anion (Lutas, Birnbaumer, 
& Yellen, 2014; Masia, Krause, & Yellen, 2015). Free Mg2+ concentra‐
tion was adjusted within the range of physiological values (Romani & 
Scarpa, 1992) and free Ca2+ was buffered at ~80 nM, which is close 
to the Ca2+ concentration at rest in HEK293 cells (Tong, McCarthy, 
& MacLennan, 1999), and neurons (Grienberger & Konnerth, 2012). 
The pH was set to 7.35, since resting pH values from 7.2 to 7.5 have 
been reported for HEK293 cells (Lang, Wagner, Haddad, Burnekova, 
& Geibel, 2003; Salvi, Quillan, & Sadée, 2002), and the neuronal cell 
line Neuro2A (Tantama, Hung, & Yellen, 2011). We also used HEPES, 
a widely used pH buffer in biological studies with negligible bind‐
ing to Mg2+, Ca2+, and other metals (Good et al., 1966). The lifetime 
sensor iGlucoSnFR‐TS was calibrated in permeabilized HEK293T 
cells, using 2 photon‐fluorescence lifetime microscopy (2p‐FLIM). 
Cells were incubated at room temperature with 0.5 mM iodoacetic 
acid (IAA) for 10 min, and then transferred to the perfusion cham‐
ber. HEK293T cells were exposed to the following solution (in mM): 
140 of K‐Gluconate, 10 of NaCl, 10 of HEPES, 1 of EGTA, 1.324 
of MgCl2, 0.346 of CaCl2, and pH 7.35 at 34°C. Free concentra‐
tions of Mg2+ and Ca2+ were estimated to be ~1 mM and ~80 nM, 
respectively, using Chelator (https://web.stanford.edu/~cpatton/
CaMgATPEGTA-TS.htm; Schoenmakers, Visser, Flik, & Theuvenet, 
1992). After 5–10 min in the solution, the cells were permeabilized 
with 45 μM β‐escin for 2 min, and then washed for 10 min in the so‐
lution without the permeabilizing agent.

Similar recordings were performed at 37°C. Temperature was 
monitored during the experiments using a TC‐344C temperature 
controller (Warner Instruments, Hamden, CT). The thermistor read‐
out was verified and corrected using a thermocouple sensor linked 
to a BAT‐12 thermometer (Sensortek, Clifton, NJ).

For constructing a dose–response curve, each glucose concen‐
tration was assessed in a different pool of cells from the same pas‐
sage/transfection. After changing the glucose concentration, we 
monitored the fluorescence lifetime of the sensor at intervals ≤ 1 min 
until it was stable in our sample (usually after 10–20 min). Data for 
analysis were then collected for 1–5 min at intervals of 10–25 s. Each 
data point from the dose–response curve corresponds to three in‐
dependent experiments using different cell passages/transfections.
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2.7 | In vitro calibration and temperature 
sensitivity of the glucose sensor

A calibration of purified sensor protein was performed using 2p‐
FLIM as reported in Díaz‐García et al. (2017), following the method 
described by Mongeon et al. (2016).

The gene encoding iGlucoSnFR‐TS was cloned into the pRSetB 
(Invitrogen) bacterial expression vector, appending an N‐terminal 
6x His‐tag for purification. BL21(DE3) cells were transformed and 
cultured in 500 ml flasks with 100 ml AIM (Auto Induction Medium; 
ForMedium, Norfolk, UK) for 24 hr at 37°C with shaking. Protein was 
purified as described above and dialyzed overnight at 4°C against 
the K‐Gluconate buffer described above. Samples were concen‐
trated using Amicon Ultra centrifugal filters, 10K MWCO (Millipore). 
The concentration of protein containing mature chromophore was 
determined by measuring absorbance of the naked chromophore at 
447 nm under alkaline denaturing conditions (0.1 M of NaOH, 6 M 
of guanidine hydrochloride).

Samples were prepared at three different protein concentrations 
(20, 16, and 9.16 µM; each from a separately purified sample), loaded 
into a borosilicate glass capillary (Warner Instruments, Hamden, CT) 
previously sealed by fire‐polishing, and imaged at different tempera‐
tures in the 2p‐microscope. The portion of the pipettes containing 
the protein was submerged in the same recording chamber used for 
cultured cells and slices. They were perfused with distilled water 
at the same flow rate (~5 ml/min), and temperature control was 
also similar. This data set was used for comparison with the in‐cell 
calibration.

2.8 | Viral vectors

A custom‐made adeno‐associated viral vector (AAV; Viral Core 
Facility from Boston Children's Hospital) encoding the glucose sen‐
sor iGlucoSnFR‐TS (AAV2/8.CAG.iGlucoSnFR‐TS) was used for ex‐
pression in the hippocampus and visual cortex.

2.9 | Biosensor expression in hippocampus

For sensor expression in the hippocampus, mice at postnatal day 1 
were anesthetized using cryoanesthesia. Following confirmation of 
anesthesia, pups were injected intracranially with a 2:1 mixture of 
AAV2/8.CAG.iGlucoSnFR‐TS (titer = 3.3 × 1014 genome copies/ml) 
and 0.9% NaCl solution. Pups received two 150 nl viral injections 
per hemisphere, at the following coordinates with respect to lambda: 
(i) 0 mm in the anterior‐posterior direction, ±1.9 mm in the medial‐
lateral axis, and −2.0 mm in the dorsal‐ventral direction. (ii) 0 mm in 
the anterior‐posterior direction, ±2.0 mm in the medial‐lateral axis, 
and −2.3 mm in the dorsal‐ventral direction.

2.10 | Mouse hippocampal slice preparation

Mice between 17 and 24 days old were anesthetized with isoflurane, 
decapitated, and the brain was placed in ice‐cold slicing solution 

containing (in mM): 87 of NaCl, 2.5 of KCl, 1.25 of NaH2PO4, 25 
of NaHCO3, 0.25 of CaCl2, 7 of MgCl2, 75 of sucrose, and 25 of 
D‐glucose (335–340 mOsm/kg). Brains were glued by the dorsal 
side in a chamber containing the same slicing solution and horizon‐
tal slices were cut at a thickness of 275 µm using a vibrating slicer 
(7000smz‐2, Campden Instruments, Loughborough, England).

Slices were immediately transferred to a chamber filled with ar‐
tificial cerebrospinal fluid (ACSF) at 37°C, containing (in mM): 120 
of NaCl, 2.5 of KCl, 1 of NaH2PO4, 26 of NaHCO3, 2 of CaCl2, 1 
of MgCl2, and 10 of D‐glucose (~290 mOsm/kg). All solutions were 
continuously bubbled with a mix of 95% of O2 and 5% of CO2, which 
provides adequate oxygenation and stabilizes the pH around 7.4. 
Slices were incubated at 37°C for 35 min and then at room tempera‐
ture for at least 30 min before the experiments, which were exe‐
cuted in the next 4 hr after slicing.

Hippocampal dentate granule neurons were imaged at 25, 50, 
100, or 200 µm below the surface of the slice. During the experi‐
ments, the slices were perfused with ACSF at a flow rate of 5 ml/min 
and maintained at 34°C using inline heaters (Warner Instruments, 
Hamden, CT). To prevent degassing in perfusion line, solutions were 
preheated at 38°C in a waterless bead bath (Cole‐Parmer, Vernon 
Hills, IL). The extracellular glucose concentration was varied during 
the course of the experiments.

As in cultured cells, after changing the glucose concentra‐
tion, we monitored the fluorescence lifetime of the sensor at 
intervals ≤ 1 min until it was stable in our sample (usually after 
10–20 min). Data for analysis were then collected for 1–5 min at 
intervals of 10–25 s.

2.11 | Two‐photon fluorescence lifetime 
imaging microscopy

Lifetime imaging data were acquired with a modified Thorlabs 
Bergamo II microscope (Thorlabs Imaging Systems, Sterling, VA), 
with hybrid photodetectors R11322U‐40 (Hamamatsu Photonics, 
Shizuoka, Japan); the light source was a Chameleon Vision‐S tun‐
able Ti‐Sapphire mode‐locked laser (80 MHz; Coherent, Santa Clara, 
CA), tuned to 790 nm. The objective lens used for brain slice imag‐
ing was an Olympus LUMPLFLN 60x/W (NA 1.0). For in vivo imag‐
ing, an Olympus XLUMPLFLN 20x/W (NA 1.0) objective was used. 
Fluorescence emission light was split with an FF562‐Di03 dichroic 
mirror and bandpass filtered for green (FF01‐525/50) channel (all fil‐
ter optics from Semrock, Rochester, NY). The photodetector signals 
and laser sync signals were pre‐amplified and then digitized at 1.25 
gigasamples per second using a field‐programmable gate array board 
(PC720 with FMC125 and FMC122 modules, 4DSP, Austin, TX).

Laboratory‐built firmware and software performed time‐cor‐
related single photon counting to determine the arrival time of each 
photon relative to the laser pulse; the distribution of these arrival 
times indicates the fluorescence lifetime (Mongeon et al., 2016; 
Yellen & Mongeon, 2015). Lifetime histograms were fitted using 
nonlinear least‐squares fitting in MATLAB (Mathworks, Natick, MA), 
with a two‐exponential decay convolved with a Gaussian for the 
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impulse response function (Yasuda et al., 2006). Microscope con‐
trol and image acquisition were performed by a modified version of 
the ScanImage software written in MATLAB (Pologruto, Sabatini, & 
Svoboda, 2003) (provided by B. Sabatini and modified by G.Y.).

2.12 | Mouse cranial window surgery with 
AAV injections

Mice (postnatal day 60) were first administered dexamethasone so‐
dium phosphate (30 μL at 4 mg/ml) by an intramuscular injection to 
the quadriceps 2 hr before surgery. Animals were anesthetized (iso‐
flurane; induction: 2–5%, maintenance: 1.4%), the stereotactic coor‐
dinates overlying the primary visual cortex (V1) were marked (0 mm 
posterior and 2.7 mm lateral to Bregma) and a titanium headplate 
was attached to the skull using opaque C&B‐Metabond (Parkell, 
Edgewood, NY). A 3 mm round craniotomy with the marked spot at 
its center was made using a hand‐held drill. Following exposure of 
the brain, the tissue was irrigated with sterile saline and any bleeding 
stopped using sterile absorbable gelatin sponges.

Four to five injections of a solution containing AAV2/8.CAG.
iGlucoSnFR‐TS (50 nl per injection, 7 min per injection) were made 
near the center of the craniotomy 200 μm apart from each other at 
a depth of 200 μm below the dural surface using a beveled glass mi‐
cropipette attached to a UMP3‐1 UltraMicroPump (World Precision 
Instruments, Sarasota, FL). The surface of the exposed tissue was 
then covered with a thin layer of Kwik‐Sil (to reduce animal move‐
ment‐induced brain motion that could interfere with imaging; World 
Precision Instruments, Sarasota, FL) and a glass plug (consisted of a 
3 mm diameter coverslip glued to a 5 mm diameter coverslip (both 
from Warner Instruments, Hamden, CT) using UV‐curable optical 
adhesive (NOA 68; Norland Products, Cranbury, NJ). The glass plug 
was then cemented to the skull using opaque C&B‐Metabond.

After the window implantation surgery, the mice typically woke 
up after 10 min and were walking around the cage within 15 min. 
Following 5 days of postoperative recovery, mice were habituated to 
head‐post restraint over a 5‐day period. Sessions of head restraint 
increased in duration over this period from 5 min to 1 hr. Imaging 
experiments began approximately 10 days post‐surgery to allow 
proper recovery and also steady‐state sensor expression.

2.13 | Mouse in vivo awake FLIM imaging

In vivo imaging experiments were conducted with awake, unanes‐
thetized mice, as it has been previously demonstrated that anes‐
thesia increases the apparent oxygen concentration of intact brain 
(Lyons, Parpaleix, Roche, & Charpak, 2016). During imaging, mice 
were placed on a 6‐inch foam ball that could spin noiselessly on ball 
bearings. Their head was restrained using the previously implanted 
headplate.

Imaging sessions were 1–2 hr in duration. Viral expression of 
iGlucoSnFR‐TS permitted recording from different neurons in the 
same mice on different days (Andermann, Kerlin, & Reid, 2010; 
O'Connor, Peron, Huber, & Svoboda, 2010). When imaging from the 

same cortical region on multiple days, previously imaged neurons 
were re‐identified using the pattern of the surface vasculature as 
guidance, and then an adjacent volume was selected to ensure that 
all neurons in the sample were unique.

2.14 | Lifetime imaging quantification

Image analysis was performed using MATLAB software developed in 
our laboratory. Regions of interest (ROIs) were defined around indi‐
vidual cells, and photon statistics were calculated for all pixels within 
the ROI. Typical ROIs encompassed 100–900 image pixels, in images 
of 128 × 128 (in cells and brain slices) or 256 × 256 pixels (in vivo) 
acquired at a scanning rate of 2 ms per line. Data points of lifetimes 
are for the mean value of 20 sequentially acquired frames.

Since the in vivo recordings were performed with slightly differ‐
ent settings for the lifetime measurements, the data were corrected 
to match the conditions of the in‐cell calibration. Briefly, iGlucoS‐
nFR‐TS lifetime was measured in both settings using different glu‐
cose concentrations and a linear regression was obtained. The raw 
in vivo data were interpolated in the resulting fit and the corrected 
values used for estimating the intracellular glucose concentration.

2.15 | Statistical analysis

Curve fitting and statistical analysis were performed using GraphPad 
Prism v7.05 (GraphPad Software, San Diego, CA). Data were tested 
with a D'Agostino and Pearson normality test. Since at least one 
experimental group in each condition significantly deviated from a 
Gaussian distribution, we chose non‐parametric tests for statisti‐
cal analysis. We selected a Mann–Whitney test for unpaired com‐
parisons between two groups; whereas a Kruskal–Wallis test with a 
Dunn's post hoc test was used for multiple comparisons. For compar‐
ing paired data in more than two conditions, we selected a Friedman 
test with a Dunn's post hoc test for multiple comparisons. No power 
analysis was conducted a priori. Graphics were constructed using 
Origin 2015 (OriginLab, Northampton, MA). Descriptive statistics 
are specified in the figure legends.

3  | RESULTS

To construct a fluorescence lifetime‐based glucose sensor, we 
started with the fluorescence intensity‐based sensor iGlucoSnFR, 
which consists of circularly permuted GFP (cpGFP) inserted between 
residues 326 and 327 of Thermus thermophilus glucose binding pro‐
tein (TtGBP, Cuneo, Changela, Warren, Beese, & Hellinga, 2006); 
TtGBP‐to‐cpGFP and cpGFP‐to‐TtGBP linkers were optimized, and 
two binding‐site residues, His66 and His348, were mutated to ala‐
nine to reduce glucose‐binding affinity to 2.3 mM (Keller & Looger, 
2016; Keller et al., 2019; Marvin et al., 2018). We replaced cpGFP 
with a circularly permuted version of the GFP mutant T‐Sapphire 
(Zapata‐Hommer & Griesbeck, 2003), and then screened a library 
of mutants of both linkers, and screened for the glucose‐dependent 
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     |  951DÍAZ‐GARCÍA et al.

change in T‐Sapphire fluorescence lifetime, binding affinity, and pH 
dependence. Based on its high fluorescence lifetime change and 
low pH sensitivity, we selected a mutant with the original TtGBP‐
to‐cpGFP linker changed from Pro‐Ala to Pro‐Asp, and the original 
cpGBP‐to‐TtGBP linker changed from Asn‐Pro to Glu‐Pro (Figure 1a). 
This sensor was named iGlucoSnFR‐TS, adding the notation TS for 
the fluorophore T‐Sapphire. The excitation spectrum shows a princi‐
pal maximum around 400 nm and a local secondary maximum near 
480 nm, whereas the emission spectrum shows a single prominent 
maximum at 510 nm (Figure 1b). When excited with a wavelength 
near 400 nm, the fluorescent lifetime of the sensor varied systemati‐
cally between 1.6 and 1.9 ns in response to changes in the glucose 
concentration from 0.1 to 10 mM (Figure 1c).

To assess the pH sensitivity of iGlucoSnFR‐TS, we measured 
dose–response curves of iGlucoSnFR‐TS (as purified protein) at dif‐
ferent pH values in the relevant physiologic range of 6.5–7.7. At pH 
values of 7.1 and 7.4, there was little noticeable difference in fluores‐
cence lifetime due to pH, in the [glucose] range from 0.3 to 10 mM 
(Figure 1c). There was lifetime variation with pH at lower [glucose] 
of 0.1 mM or at more extremes of pH (Figure 1c). The lifetime values 
and the dynamic range observed in these experiments, performed 
at room temperature using 1p‐excitation, suggested that iGlucoS‐
nFR‐TS could be suitable for imaging biological samples using digital 
2p‐FLIM.

Because the calibration based on purified protein may not 
match the range of sensor lifetime in cells, we performed an in‐cell 

F I G U R E  1   Sensor design and characterization. (a) Top, schematic representation of the glucose sensor. Abbreviations indicate the N‐
terminal pRSET affinity tag sequence (Nt), the glucose‐binding protein (TtGBP) and the circularly permuted T‐Sapphire (cpmTS). Bottom, the 
full sequence of the sensor as reported in Díaz‐García et al. (2017), highlighting each domain with the same color code from the schematic 
representation. (b) Excitation and emission spectra of the purified sensor protein. (c) Dose–response curves at different pH values. Data 
points and whiskers represent the mean and the range of duplicate measurements, respectively. The curves represent the best fit to a Hill 
equation (see Equation 1 in Methods). Experiments were performed at room temperature of approximately 22°C 

(a)

(b) (c)
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calibration to preserve the natural environment where the sensor is 
expressed, using β‐escin to permeabilize the cells. After permeabili‐
zation, HEK293T cells adopted a round, swollen shape (Figure 2a), 
potentially diluting the sensor inside the cells. However, this did 
not hinder the detection of sensor signals: increases in laser power 
achieved photon counts close to the initial fluorescence intensity, 
and sensor lifetime is independent of concentration.

When we calibrated iGlucoSnFR‐TS in permeabilized HEK293T 
cells for a range of [glucose] from 0.01 to 30 mM, the maximum flu‐
orescence lifetime change of the sensor was ~0.38 ns (Figure 2b). 
This in‐cell calibration slightly deviated from the in vitro calibration 
of purified iGlucoSnFR‐TS, also performed using 2p‐FLIM and at 
similar near‐physiologic temperature (Figure 2b). Although the total 
change in lifetime was similar between conditions (~0.36 ns in pro‐
tein), the absolute values were slightly higher when the sensor signal 
was measured in a cellular environment. Additionally, the apparent 
Kd decreased by 1.4‐fold, indicating a higher apparent affinity when 
iGlucoSnFR‐TS is in a cellular environment (Figure 2b and Table 1).

We also explored the pH dependence of iGlucoSnFR‐TS, ex‐
pressed in HEK293T cells. Permeabilized cells, perfused with a solu‐
tion containing 1 mM glucose and pH 7.00, exhibited fluorescence 
lifetime that was higher by ~0.07 ns compared to cells imaged at pH 
7.35 (Figure 2c). This would correspond to a gain of 0.02 ns per de‐
crease in 0.1 pH unit, leading to a ~24% overestimation of the [glu‐
cose]i per 0.1 pH unit of acidification.

The fluorescence lifetime of the sensor in intact (i.e., non‐per‐
meabilized) cultured HEK293T cells changed in response to changes 
in the extracellular glucose concentration in the range 2–10 mM 
(Figure 3a,b). Lifetime values for iGlucoSnFR‐TS were more dis‐
persed in intact HEK293T compared to those in permeabilized 
cells. Variability in the distributions may arise from different rates 
of transport/consumption of glucose in these cells, or for indirect 
reasons like differences in the population of cytosolic pH values, 
which may contribute to the apparent higher variation by affecting 
the lifetime of the sensor.

We applied the in‐cell calibration to calculate the intracellular 
glucose concentration in the intact HEK293T cells. In all the experi‐
mental conditions tested, medians of the calculated intracellular glu‐
cose concentrations were lower than the glucose concentration in 
the bath, similar to observations in other cultured cells imaged with 
different fluorescent biosensors (Kovacic et al., 2011; Zhang et al., 

F I G U R E  2   Calibration of the lifetime sensor iGlucoSnFR‐TS.  
(a) Representative images of IAA‐treated, permeabilized HEK293T 
cells visualized by 2p‐FLIM. The cells were incubated at different 
glucose concentrations after permeabilizing with β‐escin. Cells 
exposed to higher glucose concentrations in the bath perfusion 
exhibited higher fluorescence lifetimes of the sensor. Note that 
permeabilization with β‐escin caused HEK293T cells to adopt a 
round shape. (b) Dose–response curve obtained in permeabilized 
HEK293T cells, at 34°C. Points represent the mean ± SD of 
133–258 cells from three independent experiments (N = 3, each 
for a particular passage/transfection). The solid line corresponds 
to the curve obtained using averaged parameters from three 
different experiments (see Table 1). The dashed line represents the 
in vitro calibration of the purified sensor, performed under similar 
conditions. Points represent the mean ± SD of three independent 
experiments (N = 3, each for a particular protein preparation). 
(c) Low pH increases the lifetime of the sensor in permeabilized 
cells at 34°C. The cells were bathed with a solution containing 
1 mM glucose, with the pH adjusted to 7.35 (Ncells = 238, imaged 
in different fields from three coverslips, each from a different 
passage/transfection) or 7.00 (Ncells = 471, imaged in different 
fields from three different coverslips, from the same passage/
transfection). Box plots indicate the median and middle half of 
the data, with whiskers spanning the 5–95 percentiles of the 
population. The notch represents the 95% confidence interval 
around the median, and the horizontal line indicates the mean. The 
raw data is overlapped to the box plots. Significance levels were 
obtained using an unpaired non‐parametric Mann–Whitney test 

(c)

(a)

(b)

Calibration Temp. (°C) LTmin ± SD (ns) LTmax ± SD (ns) K0.5 ± SD (mM) nH

In‐cell 34 1.403 ± 0.009 1.784 ± 0.012 1.46 ± 0.50 1

  37 1.370 ± 0.010 1.752 ± 0.020 1.79 ± 0.32 1

In vitro 34 1.399 ± 0.023 1.754 ± 0.035 2.07 ± 0.78 1

  37 1.354 ± 0.041 1.697 ± 0.040 2.17 ± 0.60 1

The Hill coefficient (nH) was set to 1 in the fits. Values for the other parameters are expressed as 
the mean ± SD of three independent dose–response curves.

TA B L E  1   Parameters from in‐cell and 
in vitro calibrations, using 2p‐excitation
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2014). This could reflect an inability of glucose transport to keep up 
with glucose consumption. Pre‐incubating the cells with iodoacetic 
acid (IAA), to inhibit the glycolytic enzyme GAPDH, and thus reduce 
glucose consumption increased the reported intracellular [glucose] 
by more than a 2.5‐fold in all the conditions tested (Figure 3b). Even 
this manipulation, however, did not achieve complete equilibration 
between the intracellular and the extracellular glucose concentra‐
tions as observed by the lower lifetimes compared to IAA‐treated, 
permeabilized cells (Figure 3b).

We then characterized iGlucoSnFR‐TS reports of intracellular 
[glucose] in response to altered extracellular glucose in acute mouse 
hippocampal brain slices. Hippocampal dentate granule neurons 
from brain slices also exhibited proportional changes in iGlucoS‐
nFR‐TS lifetime in response to variations in the external glucose 
concentration (Figure 4a,b). Lifetime values were below the values 
expected for full equilibration of glucose concentrations between 
the intracellular space and the bath (Figure 4b), indicating that av‐
erage intracellular glucose concentrations were about 20% of the 
extracellular levels.

The variability of the measurements was greater when imaging  
at a relatively shallow depth of 25 µm, rather than 50–200 µm, 

F I G U R E  3   Determination of the intracellular glucose 
concentration in HEK293T cells. (a) Top: Representative images 
of non‐permeabilized cells exhibit the typical flat, adherent 
appearance of HEK293T cells. The fluorescence lifetime of 
iGlucoSnFR‐TS was sensitive to changes in the extracellular 
glucose concentration. Bottom: Cells exhibit higher lifetime values 
after glycolytic inhibition with 0.5 mM of IAA for 10 min at room 
temperature. (b) Glucose sensor measurements on intact HEK293T 
cells at 34°C, as a function of [glucose]o. Box plots indicate the 
median and middle half of the data, with whiskers spanning the 
5–95 percentiles of the population. The horizontal line indicates 
the mean. The notch represents the 95% confidence interval 
around the median, and the horizontal line indicates the mean. 
The raw data is overlapped to the box plots. The right‐hand axis 
indicates the calculated intracellular glucose concentration from 
the permeabilized‐cell calibration. Data were collected from 
374 cells in two independent experiments (each for a particular 
passage/transfection) for the control condition (black box plot). 
The data set for the treatment with IAA (depicted in red) comprises 
248 cells imaged in several fields from three coverslips of two 
independent passages/transfections. Data from cells treated with 
IAA, and permeabilized with β‐escin (shown in gray), are included 
for the conditions of 5 and 10 mM glucose (Ncells = 219 and 212, 
respectively, imaged in different fields from three coverslips, 
each from a different passage/transfection). Experiments were 
performed at 34°C. For comparisons in the groups at 2 mM 
glucose, an unpaired non‐parametric Mann–Whitney test was 
used. Significance levels for multiple comparisons at 5 and 10 mM 
glucose were obtained using an unpaired non‐parametric Kruskal–
Wallis test with a Dunn's post hoc test 

(a)

(b)

F I G U R E  4   Neuronal glucose concentrations in mouse brain 
slices. (a) Representative images of dentate granule neurons 
located 50 µm deep into a hippocampal slice, exposed to different 
glucose concentrations in ACSF. (b) Box plots indicate the median 
and middle half of the data, with whiskers spanning the 5–95 
percentiles of the population. The notch represents the 95% 
confidence interval around the median, and the horizontal line 
indicates the mean. The raw data is overlapped to the box plots 
(Nneurons = 51, Nslices = 4 and Nmice = 2 for [glucose]o = 0.5 mM; 
Nneurons = 69, Nslices = 6 and Nmice = 3 for 2, 5 and 10 mM glucose in 
the ACSF). Experiments were performed at 34°C. The red dashed 
line represents the expected sensor lifetime when the intracellular 
glucose concentration is equilibrated with the nominal glucose 
concentration in the bath (predicted from the in‐cell calibration in 
Figure 2) 

(b)

(a)
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below the slice surface (Supplementary Figure 1). It is likely that this 
is a result from more damaged cells because of the proximity to the 
blade during the slicing process, hyperoxygenation from being more 
exposed to the bathing solution, or a combination of both. Neuronal 
health can be assessed by monitoring Ca2+ levels at rest, co‐expressing 
a genetically encoded calcium sensor of a different color. However, 
quantitative measurements of glucose concentration would require 
correction for cross‐contamination between sensors (Díaz‐García  
et al., 2017), which may add some degree of uncertainty and variability 
to the measurements.

We studied the effect of glycolytic inhibition on the neuronal glu‐
cose concentration in brain slices, using IAA as previously reported 
(Díaz‐García et al., 2017). Lactate was provided as an alternative fuel 
for the cells to attenuate the effects on cell health of glycolytic inhibi‐
tion. In order to prevent further damage in the slices, IAA was applied 
at lower temperatures and a cocktail of synaptic blockers was also 
included in the bath solution. Dentate granule neurons exhibited a 
20 ± 10% increase in the intracellular glucose concentration after IAA‐
treatment, smaller than the increase seen with IAA in the HEK293T 
cells, and still below the 10 mM glucose in the superfusion solution 
(Figure 5).

Before assessing glucose concentrations in vivo, we determined the 
temperature sensitivity of iGlucoSnFR‐TS, considering that body tem‐
perature in mice is ~37°C (Habicht, 1981). The fluorescence lifetime of 
the sensor was inversely correlated with temperature (Figure 6a). The 

temperature dependence of the sensor was characterized by the slope 
of the linear regression of the lifetime dependence on temperature 
(Figure 6b). A rate of change in lifetime of −0.019 ns/°C for iGlucoS‐
nFR‐TS is equivalent to apparent changes in the glucose concentration 
of approximately −20%/°C near [glucose] = 1 mM. The latter implies 
that applying a calibration curve obtained at ~34°C to data collected in 
a system at 37°C (e.g., in vivo), would underestimate glucose concen‐
trations around 1 mM in more than 50%.

To overcome this drawback of the sensor, we obtained the cal‐
ibration curve in permeabilized HEK293T cells at 37°C (Figure 6c). 
As expected, the lifetime values were slightly smaller than the cal‐
ibration curve at 34°C, although the dynamic range was the same 
(~0.38 ns). The trend of even smaller lifetime values in the calibra‐
tion using purified sensor at 37°C was also similar to 34°C. However, 
the K0.5 values moved to the right at 37°C, indicating a lower ap‐
parent affinity of iGlucoSnFR‐TS for glucose at higher temperatures 
(Table 1).

Finally, we measured iGlucoSnFR‐TS fluorescence lifetime in cor‐
tical layer 2/3 neurons of awake mice. The lifetime values measured 
in vivo fell within the dynamic range of the in‐cell calibration of iGlu‐
coSnFR‐TS at 37°C, showing a pattern similar to those of the dentate 
granule neurons in acute hippocampal brain slices. Furthermore, the 
in vivo estimated intracellular glucose concentrations matched those 
seen in brain slices perfused with 5–10 mM glucose in the external 
solution, spanning a range of 0.7–2.5 mM (Figure 6d).

F I G U R E  5   Glycolytic inhibition increases neuronal glucose concentrations in acute mouse brain slices. (a) Representative trace of 
iGlucoSnFR‐TS lifetime in an experiment designed to assess intracellular glucose concentration in a dentate granule neuron upon glycolysis 
inhibition. The bars indicate the times of application of fuels (10 mM glucose and 2 mM lactate), as well as IAA (0.5 mM), which inhibits 
glycolysis irreversibly. The temperature was lowered (shaded zone) to minimize cell damage during IAA application (The change in the 
fluorescence lifetime after cooling and heating reflects the temperature sensitivity of the sensor, see Figure 6). To minimize the effects 
of dysregulated synaptic activity, a cocktail of synaptic blockers was used: 5 µM NBQX, 25 µM D‐AP5, and 100 µM Picrotoxin to inhibit 
AMPA, NMDA, and GABAA ionotropic receptors, respectively. (b) Addition of lactate (Lac) to the ACSF did not affect the [glucose]i, but 
subsequent glycolytic inhibition with IAA (Lac + IAA) increased the fluorescence lifetime of the sensor, indicating an elevation in [glucose]i. 
Box plots indicate the median and middle half of the data, with whiskers spanning the 5–95 percentiles of the population. The notch 
represents the 95% confidence interval around the median, and the horizontal line indicates the mean. The raw data is overlapped to the box 
plots (Nneurons = 41, Nslices = 5 and Nmice = 3). Significance levels were obtained using a paired non‐parametric Friedman test with a Dunn's 
post hoc test for multiple comparisons. One outlier data point was omitted because it was > 5 SD below the mean

(a) (b)
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F I G U R E  6   Temperature sensitivity of iGlucoSnFR‐TS and quantitative in vivo imaging of neuronal glucose concentrations. (a) 
Representative trace of iGlucoSnFR‐TS lifetime of a protein sample (black open circles, scale on left axis), imaged in a glass pipette loaded 
with a solution containing 1 mM glucose. The temperature of the bath (gray dashed line, scale on right axis) was varied over time and the 
fluorescence lifetime of iGlucoSnFR‐TS followed with changes in the opposite direction. (b) A linear regression performed on lifetime values 
at three different temperatures (29.41 ± 0.04, 34.02 ± 0.05, and 37.0 ± 0.1°C), shows a negative relationship between iGlucoSnFR‐TS 
lifetime and temperature of −0.019 ns per degree Celsius (slope of the curve). Data points represent the mean ± SD of three independent 
experiments. The dashed line was constructed with the average parameters of individual linear regressions from each experiment. (c) Dose–
response curve in permeabilized HEK293T cells at 37°C. Solid symbols represent the mean ± SD of 82–146 cells from three independent 
experiments (N = 3, each for a particular passage/transfection). The solid line corresponds to the curve obtained using averaged parameters 
from three different experiments (see Table 1). The dashed line represents the in vitro calibration of the purified sensor, performed 
under similar conditions. Open symbols represent the mean ± SD of three independent experiments (N = 3, each for a particular protein 
preparation). (d) Left, representative images of neurons from the visual cortex of awake mice expressing the sensor iGlucoSnFR‐TS. Right, 
summary of lifetime measurements in V1 neurons (left axis), converted to glucose concentrations (right axis) using the in‐cell calibration 
obtained at 37°C. The calculated in vivo [glucose]i in V1 neurons was 1.41 ± 0.45 mM (mean ± SD; Nneurons = 87, Nmice = 5). The box plot 
represents the median and middle half of the data, with whiskers spanning the 5–95 percentiles of the population. The notch represents the 
95% confidence interval around the median, and the horizontal line indicates the mean. The raw data are overlapped to the box plot 

(a)

(c)

(b)

(d)
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4  | DISCUSSION

iGlucoSnFR‐TS is a genetically encoded sensor that changes its 
fluorescence lifetime in response to glucose concentration. The 
fluorescence lifetime was minimally affected by pH in the range 
of 7.1–7.4, which indicates that it is suitable for the measurement 
of cytosolic glucose concentrations. In principle, the calibration of 
purified iGlucoSnFR‐TS fluorescence lifetimes should be appro‐
priate for calculating the glucose concentration in cells recorded 
under similar imaging conditions. However, in vitro calibrations 
may not fully recapitulate the sensor behavior in cells, considering 
that its signal can be affected by the cellular environment (Dittmer, 
Miranda, Gorski, & Palmer, 2009). For example, genetically en‐
coded, engineered protein sensors can be sensitive to molecular 
crowding (Dittmer et al., 2009; Morikawa et al., 2016), which is 
a major distinction between the purified protein and the in‐cell 
calibrations.

We note that even the in‐cell calibration may not provide a 
completely accurate reference for the intact cell measurements. 
The cell swelling observed with permeabilization would tend to 
reduce the molecular crowding effect of cytoplasm by dilution. 
However, this could suggest that a more proper calibration might 
deviate even further away from the purified protein calibration, in 
which case the inferred glucose concentrations in neurons would 
be even more depressed compared to the [glucose] in the bathing 
solution.

Even though the in vitro calibration did not deviate dramatically 
from the in‐cell calibration when the same solutions were used 
under a strict control of the bath temperature, values from the in 
vitro calibration clearly overestimate the glucose concentration in 
permeabilized HEK293T cells, where the intracellular and the ex‐
tracellular glucose concentrations should be equilibrated. Thus, the 
more comparable in‐cell calibrations were used for estimating the 
intracellular glucose concentration in non‐permeabilized HEK293T 
cells, and also in individual neurons from acute brain slices or the 
brains of awake mice.

4.1 | Measurement of intracellular [glucose] using 
iGlucoSnFR‐TS in cultured cells and acute brain slices

We observed that the average iGlucoSnFR‐TS fluorescence life‐
time in cultured HEK293T cells or in dentate granule neurons in 
acute hippocampal slices robustly responded to changes in the 
external [glucose], indicating that glucose can rapidly achieve a 
steady state between the extracellular and the intracellular com‐
partments. However, we observed that the intracellular [glucose] 
reported by the iGlucoSnFR‐TS fluorescence lifetime was con‐
sistently lower than the predicted value for full equilibration of 
intracellular [glucose] with glucose in the bath (Figures 3 and 4). 
This is similar to observations in cultured cells imaged with dif‐
ferent fluorescent biosensors (Kovacic et al., 2011; Zhang et al., 
2014). Indeed, metabolite levels do not necessarily match with 
metabolic fluxes since the concentration of a particular molecule 

will depend on the balance between consumption/production and 
transport (Jang, Chen, & Rabinowitz, 2018). Therefore, this dif‐
ference between external and internal [glucose] might be due to 
glucose transport being insufficient to keep up with glycolytic glu‐
cose consumption. To examine this, we inhibited glycolytic glucose 
consumption in HEK293T cells or dentate granule neurons with 
IAA, and observed an increase in intracellular [glucose] in both 
preparations (Figures 3 and 5). A crucial difference between the 
two preparations, however, is that in HEK293T cells, partial inhibi‐
tion of glucose consumption produced > 2.5‐fold increase in cyto‐
solic [glucose] to values approaching extracellular [glucose], while 
in acute slices, partial inhibition increased cytosolic [glucose] by 
only ~20%.

These observations suggest that the rate of glucose consump‐
tion exceeds its transport capacity in cultured, highly glycolytic, 
HEK393T cells. However, in non‐stimulated brain slices, this 
idea seemed like an unlikely explanation. Many studies support 
the idea of a higher transport capacity versus glucose consump‐
tion in the brain (Cremer, Seville, & Cunningham, 1988; Duarte 
& Gruetter, 2012; Duarte, Morgenthaler, Lei, Poitry‐Yamate, & 
Gruetter, 2009), and this marked imbalance should be even more 
pronounced in brain slices, which exhibit a lower glucose con‐
sumption rate due to deafferentation (Dienel, 2013). Therefore, 
the low levels of intracellular [glucose] in dentate granule neurons 
in hippocampal slices seem more likely due to diffusion barriers 
between the bathing solution and the slice. In fact, the small in‐
tracellular [glucose] increase upon IAA treatment could be due not 
only to decreased glucose consumption in each neuron, but also to 
the aggregate effect on the interstitial [glucose] from decreasing 
consumption by all cells in the slice. On the other hand, we can‐
not rule out a larger contribution of cellular glucose consumption 
on intracellular [glucose], as it is possible that the IAA treatment 
in slices was less effective in inhibiting glucose consumption; it 
would be hard to assess the effect of stronger inhibition, as slice 
health is rapidly compromised with IAA treatment (Díaz‐García  
et al., 2017).

If consumption across the slice gradually reduces the interstitial 
glucose concentration, deeper neurons could also be restricted in 
the available glucose, compared to shallower areas. Surprisingly, our 
observations showed the opposite. We observed that untreated 
neurons closer to the slice surface showed lower [glucose] than 
those deeper in the slice.1 Neurons located near the surface could be 
more damaged and maybe more avid for glucose, but at the same 
time, they could be more exposed to glucose and O2 from the super‐
fusion solution. Indeed, neurons are deprived of O2 deeper in the 
slice (Engl, Jolivet, Hall, & Attwell, 2017; Ivanov & Zilberter, 2011), 
which may force them to rely on glycolysis. To fully address this  
unexpected outcome we would need to measure the interstitial glu‐
cose concentration, but performing this measurement in the vicinity 
of single cells is challenging. In principle, this could be achieved in the 

1 Because the iGlucoSnFR‐TS sensor is quite sensitive to temperature, we must also con‐
sider the possibility that the temperature was slightly lower deeper in the slice (and farther 
from the warmed superfusion solution), producing higher lifetime values.
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future by targeting iGlucoSnFR‐TS to the extracellular side of the 
plasma membrane.

4.2 | Measurement of intracellular [glucose] using 
iGlucoSnFR‐TS in vivo

In the visual cortex of awake mice, the fluorescence‐lifetime sensor 
iGlucoSnFR‐TS allowed us to estimate the intracellular [glucose] at 
0.7–2.5 mM for individual neurons. Our estimated intracellular [glu‐
cose] falls in the lower range of reported tissue values of 0.1–6 mM, 
which include some contribution from blood and extracellular/cer‐
ebrospinal fluid (Choi, Lee, Kim, & Gruetter, 2001; Cremer et al., 
1988; Dienel, Cruz, Mori, Holden, & Sokoloff, 1991). Our estimated 
intracellular [glucose] is also close to values reported for extracellu‐
lar/cerebrospinal fluid (Leen, Willemsen, Wevers, & Verbeek, 2012; 
Silver & Erecińska, 1994). Based on calculations obtained from brains 
of anesthetized rats (Lewis, Ljunggren, Norberg, & Siesjö, 1974), an 
average intracellular glucose concentration in the brain of ~1.4 mM 
(similar to our data), would correspond to glucose concentrations 
in cerebrospinal fluid and blood of ~2 and 4 mM, respectively. This 
would agree with extracellular and intracellular compartments close 
to equilibrium, as it has been previously proposed (Pfeuffer, Tkáč, & 
Gruetter, 2000).

4.3 | iGlucoSnFR‐TS is a valuable tool to investigate 
brain metabolism

Glucose concentration in other cell types in the brain could be meas‐
ured by expressing iGlucoSnFR‐TS with the proper combination of 
AAV serotype and promoter. Expressing a FRET sensor in cultured 
astrocytes, the intracellular [glucose] in these cells has been esti‐
mated as ~0.4 mM (Prebil, Vardjan, Jensen, Zorec, & Kreft, 2011). 
Similar results have been obtained for cultured astrocytes and neu‐
rons, although differences in their glycolytic rates were not evident 
(Bittner et al., 2010).

Ideally, glucose handling must be assessed in vivo, or at least in 
more physiologic conditions like in acute brain slices. Determining 
how glucose levels and dynamics behave in these cells will contrib‐
ute to solving the longstanding debate on the astrocyte‐neuron lac‐
tate shuttle (Bak & Walls, 2018; Barros & Weber, 2018; Magistretti, 
Sorg, Yu, Martin, & Pellerin, 1993), which claims that glucose is pref‐
erentially consumed by astrocytes, which in turn provide lactate to 
neurons. Taking together these scenarios, we anticipate that iGlu‐
coSnFR‐TS will be a valuable tool to address fundamental questions 
about brain metabolism.

In summary, the use of the fluorescence‐lifetime sensor iGlucoS‐
nFR‐TS allows the assessment of glucose concentrations deep within 
ex vivo or in vivo tissue while achieving high spatial resolution (here 
reported at the cellular level). It is advisable to perform both in‐cell 
and purified‐protein calibrations to determine how much the sensor 
response depends on the cellular environment, and it is necessary to 
use a calibration matched to the experimental temperature. Using 
the in‐cell calibration, we calculated glucose concentration from 

individual cortical neurons in vivo that agree with reported values 
for brain tissue.
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Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

Supplementary Figure 1 Comparison of iGlucoSnFR‐TS lifetime values 
in neurons located at different depths within brain slices. Hippocampal 
neurons were imaged at four different depths, in the presence of dif‐
ferent glucose concentrations ([glucose]o) in the ACSF as indicated in 
the x‐axis. The right y‐axis indicates the calculated intracellular glu‐
cose concentration ([glucose]i) using the equation derived from the 
in‐cell calibration in permeabilized cells. Data sets contain 40–51 neu‐
rons, 4 slices, and 2 mice for [glucose]o = 0.5 mM; or 54–69 neurons, 
6 slices and 3 mice for the remaining glucose concentrations tested in 
ACSF. The data set for depth = 200 µm consists of 85 neurons from 5 

slices and 3 mice, recorded at a [glucose]o = 10 mM. In dentate granule 
neurons from hippocampal slices, the median [glucose]i was 15–25% 
of the [glucose]o for the interval 2–10 mM glucose. Significance levels 
were obtained using an unpaired non‐parametric Kruskal–Wallis test 
with a Dunn's post hoc test for multiple comparisons.
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