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Glucose is the main energy source in the brain and its regulated uptake and utilization are important biomarkers
of pathological brain function. Glucose Chemical Exchange Saturation Transfer (GlucoCEST) and its time-resolved
version Dynamic Glucose-Enhanced MRI (DGE) are promising approaches to monitor glucose and detect tumors,
since they are radioactivity-free, do not require 3C labeling and are is easily translatable to the clinics. The
main principle of DGE is clear. However, what remains to be established is to which extent the signal reflects
vascular, extracellular or intracellular glucose. To elucidate the compartmental contributions to the DGE signal,
we coupled it with FRET-based fiber photometry of genetically encoded sensors, a technique that combines
quantitative glucose readout with cellular specificity. The glucose sensor FLIIP was used with fiber photometry
to measure astrocytic and neuronal glucose changes upon injection of D-glucose, 30MG and L-glucose, in the
anaesthetized murine brain. By correlating the kinetic profiles of the techniques, we demonstrate the presence of
a vascular contribution to the signal, especially at early time points after injection. Furthermore, we show that,
in the case of the commonly used contrast agent 30MG, the DGE signal actually anticorrelates with the glucose

concentration in neurons and astrocytes.

1. Introduction

Tomographic techniques such as Magnetic Resonance Imaging
(MRI), Positron Emission Tomography (PET) and Computed Tomogra-
phy (CT) are widely used in clinical settings to probe brain physiol-
ogy and pathology. Their strength resides in the possibility to rapidly
investigate large volumes at substantial depths in a non-invasive way,
allowing for the diagnosis of pathological tissue alterations or the iden-
tification of brain areas responsible for specific functions (Herholz et al.,
2007; Langen et al., 2017). However, the spatial resolution is lim-
ited to the sub-millimeter range even with state-of-the-art technologies
(Weiskopf et al., 2021), preventing cell identification and assessment
of cell specific contributions to signals. Thus, combining tomographic
methods with cell-type specific techniques can produce invaluable com-
plementary information.

A potential candidate for this multimodal approach is fiber photom-
etry, a preclinical method which uses an optic fiber to deliver the exci-

tation light and collect fluorescence from a genetically encoded biosen-
sor (Gunaydin et al., 2014). The surgical implantation of the fiber al-
lows to monitor neuronal activity (Liang et al., 2017), neurotransmit-
ter release (Jones-Tabah et al., 2020; Wang et al., 2021) or metabolic
activity (Natsubori et al., 2020) in specific brain areas, including deep
subcortical regions, which are not accessible by in vivo microscopy tech-
niques, such as two-photon laser scanning microscopy (2PLSM). Fiber
photometry does not share the subcellular resolution of 2PLSM but re-
ports the bulk signal from a tissue volume surrounding the fiber tip
(Pisanello et al., 2019). However, it maintains the cellular specificity
since the genetically encoded biosensor of interest can be expressed in
a cell-specific manner.

Concurrent tomographic and photometric measurements have been
realized before (Patel et al., 2020; Pradier et al., 2021; Schulz et al.,
2012; Yu et al., 2020). For example, Blood Oxygen Level Dependent
functional MRI (BOLD fMRI) has been coupled with fiber photometry
of fluorescent calcium indicators to study the neuronal contribution to
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neurovascular coupling by correlation of the intracellular calcium ac-
tivity to the BOLD response (Schulz et al., 2012). However, so far there
are no reports on coupling tomographic techniques with fiber photom-
etry of metabolites, such as glucose, lactate or pyruvate, which are key
players in most processes observed with molecular imaging tools. The
main difference between the measurement of metabolite levels and cal-
cium or neurotransmitters activity is that the former requires a quanti-
tative fluorescence readout (e.g., ratiometric or lifetime-based), which
presents additional challenges as compared to simply monitoring the fre-
quency of transients due to neuronal spiking activity (Yellen and Mon-
geon, 2015). We coupled fiber photometry of metabolites with Dynamic
Glucose-Enhanced (DGE) MRI (Kim et al., 2022; Xu et al., 2015), a time
resolved version of Chemical Exchange Saturation Transfer (glucoCEST)
MRY], to elucidate the compartmental (vascular, extracellular, intracel-
lular) origin of its signal.

In glucoCEST, the initial saturation of the glucose proton pool is fol-
lowed by the chemical exchange between glucose and water protons,
resulting in a decrease in the water MRI signal proportional to glu-
cose concentration (van Zijl and Yadav, 2011). GlucoCEST has been
proposed as a potential alternative to other tomographic techniques
for tumor imaging (Chan et al., 2012; Walker-Samuel et al., 2013),
since it does not require radioactive tracers, ionizing radiation or 13C-
labelled compounds. In animal research, it has been used to study patho-
logical conditions such as tumours (Rivlin and Navon, 2018; Walker-
Samuel et al., 2013; Xu et al., 2020), traumatic brain injury (Tu et al.,
2018), Alzheimer’s disease (Huang et al., 2020; Tolomeo et al., 2018),
hypoxia (Jin et al., 2018), or glucose consumption during neuronal ac-
tivation (Roussel et al., 2019). For dynamic studies, a time-resolved
version has been developed, called Dynamic Glucose-Enhanced (DGE)
MR, that allows for higher temporal resolution by omitting the time-
consuming acquisition of full spectra and the signal normalization to an
off-resonance chemical shift. DGE MRI has been used to study tumours
(Xu et al., 2020), disruption of blood-brain barrier (BBB) (Xu et al.,
2015) or Alzheimer’s disease (Huang et al., 2020).

To monitor glucose by fiber photometry, we cell-specifically ex-
pressed the genetically encoded biosensor FLIIP (Takanaga et al., 2008)
(based on Forster Resonance Energy Transfer, or FRET) in the mouse
cortex and assessed how astrocytic and neuronal glucose concentra-
tion correlates with the DGE signal upon intravenous (IV) administra-
tion of D-glucose, 3-O-methyl-D-glucose (30MG) and L-glucose. 30MG
is a known glucoCEST contrast agent (Rivlin and Navon, 2018) that is
transported through the BBB and cellular membranes by the same GLUT
transporters as D-glucose. In the cells, 30MG does not get metabolized,
since it is not a substrate for hexokinase. On the other hand, L-glucose
does not get transported by the GLUTs through the BBB (Sasaki et al.,
2016; Zhao and Keating, 2007) and remains in the vasculature until
cleared by the kidneys. Both 30MG and L-glucose are not detected
by the glucose sensor FLIIP. First, we demonstrate the strengths and
limitations of fiber photometry of FRET sensors, previously reported
only in a very limited number of studies (Jones-Tabah et al., 2021,
2020; Natsubori et al., 2020), by comparison with 2PLSM. After hav-
ing assessed the reliability of fiber photometry for monitoring glucose
changes, we show that the DGE signal does not generally correlate
with the intracellular glucose concentration either in neurons or astro-
cytes. This observation suggests that the DGE signal contains extracel-
lular and vascular contributions in addition to intracellular ones, with
a relative importance that depends on the time after glucose injection.
In the case of 30MG, we observe signal dynamics that correspond to
trans-acceleration, a phenomenon in which the influx of 30MG in the
cell causes a concomitant efflux of glucose to the extracellular space
(Carruthers, 1990; Deng et al., 2014; Widdas, 1952). These transients
cannot be resolved by glucoCEST or DGE and are of primary importance
for clinical applications. Our approach paves the way for future studies
of cell-specific metabolite dynamics in combination with tomographic
techniques, which could lead to a better interpretation of tomographic
images in clinical contexts.
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2. Methods
2.1. Genetically encoded sensor for glucose

Relative glucose concentration level measurements were performed
using the genetically encoded FRET sensor FLII'2Pglu700466 (FLIIP)
(Takanaga et al., 2008), which contains ECFP as a FRET donor and
Citrine as acceptor. The sensor was codon-diversified, to overcome ho-
mologous recombination problems (Komatsubara et al., 2015), and ex-
pressed in the somatosensory cortex of mice using Adeno-Associated-
Viral (AAV) vectors. The cell-specific promoters human Synapsin (hSyn)
and the short Glial Fibrillary Acidic Protein (GFAP) were used for ex-
pression in neurons and astrocytes, respectively. Viral constructs for
expression in neurons and astrocytes were prepared by the UZH Viral
Vector Facility using previously published procedures (Paterna et al.,
2004). The following physical titers were used for in vivo expression:
hSyn1/FLIIP, 9 x 10! vg/ml; GFAP/FLIIP, 5.7 x 10'! vg/ml. The in-
jected volume was 230 ul per injection site.

2.2. Animals

All experimental procedures were approved by the Veterinary Of-
fice of the Canton of Zurich and done in accordance with its guidelines.
Twenty female wild-type mice (C57BL/6 J; Charles Rivers) of age 3-8
months were used for simultaneous DGE and fiber photometry mea-
surements of glucose and six were used for two-photon laser scanning
microscopy (2PLSM) imaging. Female mice were chosen due to reduced
conflictuality during housing, as sex is not a relevant variable for MRI
signal interpretation. Animals were housed in groups of five at an in-
verted 12 h-12 h light-dark cycle with food and water ad libitum and
were given at least 1 week to acclimatize to their housing before exper-
imentation. In all protocols, we indicate with n the number of experi-
ments and with N the number of mice.

2.3. Anaesthesia

For induction of anesthesia, 4% isoflurane was used in a mixture of
oxygen and medical air. During surgery, mice were kept anesthetized
with 2% isoflurane and the analgesic Buprenorphine (2 mg/kg) was de-
livered subcutaneously half an hour before stopping the isoflurane sup-
ply. During imaging, mice were kept under anesthesia with 1.5% isoflu-
rane and the breathing rate was monitored and kept at around 55-65
breaths per minute. The core temperature was monitored and modulated
at 37 + 0.5 °C. During 2PLSM imaging, the temperature modulation was
done with a rectal probe and a heating blanket (Harvard Apparatus),
while during MRI and fiber photometry measurements a bed-integrated
tubing with circulating water was used.

2.4. Surgical procedures for fiber photometry and 2PLSM

Mice were anaesthetized and placed in a stereotactic frame. An in-
cision was made at the top of the head. A bonding agent (ONE COAT 7
UNIVERSAL; Coltene) was applied to the cleaned skull and polymerized
using a blue light source (Dental WOODPECKER® curing light LED-F).
A custom-made aluminum or PEEK head post was connected with MR-
compatible blue-light curable dental cement (IPS Empress Direct Effect;
Ivoclar vivadent AG) to the skull, creating a “cap”, for later reproducible
fixation under the two-photon microscope or in the MRI animal bed,
respectively. The open skin was glued on the dental cement cap and an-
tibiotic cream (Fucidin® 20 mg/1 g; LEO) was applied on the edges to
prevent infection. Two days after the head-post surgery, a 2 x 2 mm?
or a 3.5 x 3.5 mm? craniotomy was performed, for optic fiber implan-
tation or glass plate placement, respectively, above the somatosensory
neocortex, using a dental drill (Bien-Air) and solution containing viral
vector was injected into the primary somatosensory cortex at 300 ym
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to 350 ym under the surface of the brain using a custom-made microin-
jection pump. An optic fiber implant (see below) or a 3 x 3 mm? square
sapphire glass plate (POWATEC GmbH) was placed over the brain and
glued to the skull using dental cement, according to published protocols
(Holtmaat et al., 2009). Mice were allowed to recover for three weeks
before imaging.

2.5. Fiber photometry

Fluorescence recordings reflecting intracellular glucose changes
were performed using a custom-built fiber photometry setup optimized
for Forster Resonance Energy Transfer (FRET) biosensors.

The setup consists of a 430 nm LED source (THORLABS, M430L4),
driven by an LED driver that allows for external modulation (THOR-
LABS, LEDD1B). The LED light is collimated using a lens with fo-
cal length 20 mm (THORLABS, ACL2520U-A). A band pass filter,
430 + 2 nm with FWHM 10 + 2 nm (THORLABS, FB430-10), is used
to narrow the excitation bandwidth and a long pass dichroic mirror,
455 nm (AHF, F48-455), is used to guide the excitation light into a fiber
coupled collimator (THORLABS, F950FC-A). A 5 m long optic fiber with
diameter 400 ym (Doric, MFP_400/440/1100-0.37_5m_FC-ZF1.25_LAF)
is connected to the fiber coupled collimator. The other end of the op-
tic fiber is connected using a “mating sleeve” (THORLABS, ADAL1) to a
ceramic ferrule (THORLABS CFLC440-10) that is permanently attached
to the mouse skull. The optic fiber implant was polished using a com-
mercial fiber polishing kit (THORLABS, FN96A).

The excitation light was modulated to achieve an average power at
the brain surface of about 150 W for astrocytic and 75 yW for neuronal
measurements. The emitted light is transmitted through the same optic
fiber as the excitation light, passes through the 455 nm dichroic mirror
and is further filtered with a long pass 460 nm filter (AHF, F47-461) to
remove residual excitation light. The remaining light is split by a long
pass 515 nm dichroic mirror (AHF, F33-515A) and focused into two
detectors (HAMAMATSU, H9305-03) using 30 mm focal length lenses
(THORLABS, LA1805-A - N-BK7). Additional bandpass filters were po-
sitioned in front of the detectors: 475/42 nm for the CFP channel (AHF,
F39-476) and 530/43 nm for the YFP channel (AHF, F37-535). See Sup-
plementary Fig. 1 for a detailed scheme of the setup.

To minimize the optic fiber autofluorescence signal contribution,
a low autofluorescence optic fiber was used and was photobleached
overnight before each measurement. The photobleaching protocol used
was the same as the acquisition protocol and adequate photobleaching
time assured that the data acquisition was taking place in the plateau
phase of the photobleaching temporal profile.

The fiber photometry setup was operated using a custom-written
C++ software (courtesy of Prof. Sergei Vinogradov). The excitation light
was modulated using a square pulse ON-OFF function with 100 ms step.
The OFF signal of the pulses was subtracted from the ON signal to re-
move electronic noise and stray light contributions.

The dynamic curves of the fiber photometry measurements were cal-
culated as the ratio of the YFP signal divided by the CFP signal. Both
channels were previously corrected by removing fiber autofluorescence
(Supplementary Fig. 2), measured immediately before the experiment.
The ratio values were normalized to the mean of the first 10 min of
measurements.

2.6. Two-photon laser scanning microscopy

The 2PLSM images were acquired with a custom-made two-photon
microscope (Mayrhofer et al., 2015) coupled to a fs pulsed laser with
pulse width < 120 fs (InSight DeepSee Dual; Spectra-Physics) and a 16x
water immersion objective (Nikon N16XLWD-PF, 0.8 NA, 3 mm WD).
The sensor was excited at 870 nm and the emitted light collected us-
ing a set of 3 dichroics (F73-825, F38-560, F38-506; AHF Analysen-
technik) and focused (LA1050-A1 and AL5040-A2; Thorlabs) on two
PMTs (H9305-03, Hamamatsu), equipped with bandpass filters for CFP
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(475/50, AHF Analysentechnik) and YFP (542/50, AHF Analysentech-
nik) detection. The microscope was operated using a custom-written
software based on ScanIlmage (Version 3.8) (Pologruto et al., 2003) and
LabView (National Instruments).

The 2PLSM dynamic curves were acquired with a time resolution of
10 s and their ratio calculated as the mean value of the YFP image di-
vided by the mean value of the CFP one, and later normalized to the
mean of the 10 min baseline. This procedure is justified by the unifor-
mity of the ratio values all over the imaged planes and minimizes errors
due to noise in single pixels (Wang, 2007).

2.7. MRI acquisition

In vivo DGE measurements were performed on a 7T Bruker BioSpec
70/30 animal MRI scanner. A birdcage coil (RF RES 300 1H 112/086
QSN TO AD, Bruker Biosystems) was used for RF transmission and a
custom-made surface coil was used for receiving the RF.

Alterations were done on the standard Bruker MRI mouse bed to
allow for reproducible fixation of the mouse, using a PEEK “bridge”
with a grooved hole for headpost attachment. A 3D printed holder was
used to hold the surface coil in place (Fig. 1).

A stack of nine T2 RARE anatomical images of the brain (slice
thickness 1 mm, acquisition matrix 196 x 128 pixels, resolution
0.06 x 0.06 mm/pixel, RARE factor 8, TR 2.5 s, TE 43.01 ms) were
acquired to identify the slice with the optic fiber implant (Fig. 1).

The DGE images were acquired on the brain slice with the fiber im-
plant with a T2 single-shot RARE sequence (slice thickness 1 mm, acqui-
sition matrix 98 x 64 pixels, resolution 0.12 x 0.12 mm/pixel, RARE fac-
tor 64, TR 4 s, TE 5.16 ms). For each time point 9 images were acquired,
each after a 1-s pre-saturation block pulse of B; = 3 uT at the hydroxyl
proton frequency offsets: +2 ppm, +1.5 ppm, +1.2 ppm, +0.9 ppm and
0 ppm from the water peak. A total of 150 time points were acquired,
with a temporal resolution of 36 s.

The DGE images were calculated as the negative of the intensity at
1.2 ppm, normalized to the mean of the 10 min baseline. The negative
values were chosen for clarity, so that an increase in signal would cor-
respond to an increase in glucose concentration. The data are corrected
for motion and for BO inhomogeneities. To achieve high temporal reso-
lution, we did not use the commonly used Water Saturation Shift Refer-
encing (WASSR) method for BO correction. The BO map used for the BO
correction is calculated by finding the minimum of the interpolated z-
spectrum of each pixel of each time point and calculating the difference
from the water peak at zero (Anemone et al., 2021).Time smoothing
(boxcar averaging kernel) based on a window of 5 time points was ap-
plied to reduce noise. For visualization purposes only, a window of 41
time points was used for images.

For the analysis of ROI data, we compared three commonly adopted
ways of analysis. The difference I(—1.2 ppm) - I(1.2 ppm) and the ratio
I(—-1.2 ppm)/I(1.2 ppm) have both higher noise than the single intensity
value —1-I(1.2 ppm), but are less prone to systematic errors. Our conclu-
sions do not depend on the chosen analysis method. In the main text, we
chose to use the negative intensity at 1.2 ppm since it shows the high-
est variation and lowest noise (Zaiss et al., 2019a), but the results for
all methods are shown in the supplementary figures. To further exclude
potential systematic errors due to frequency drift caused by gradient
coil heating or mechanical vibration (Foerster et al., 2005; Lange et al.,
2011), we performed control experiments by injecting saline and cor-
rected the D-glucose, 30MG and L-glucose curves by division with the
saline curve. Corrected and uncorrected curves are shown in Supple-
mentary Figs. 6 and 7.

2.8. Protocols of substrate administration
In this study, four protocols of substrate administration were used.

The glucose protocol (GP): 120 ul 50% w/v D-glucose (2.78 M) injected
IV in one minute; the trans-acceleration protocol (TP): 120 1l 3 M 30MG
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optic fiber
headpost

injected IV in one minute; the L-glucose protocol (LP): 120 ul 50% w/v
L-glucose (2.78 M) injected IV in one minute and the saline control pro-
tocol (SP): 120 ul 0.9% NaCl injected IV in one minute.

2.9. Kinetic modeling

The following equations were used to model glucose transport and
metabolism, according to Duarte et al. (2009):

d([Glc]tis:ue) 1

dt 7 [Vbtood frissue = CM Ry |

tissue

Umax

D, issue —
blood /tissue [Glclprooa Gl sigsue
K.

ii

Km + [Glc]blaod + [GlC]n’ssue +
([Glclblood - [Glc]tissue)

Where [Glcly,,y and [Glcl,,,, are the glucose concentrations in the
blood and tissue compartments, in (mol - L™!), v,,,, is the maximum
transport rate (in mol - s71), K,, and K;; are the Michaelis and isoinhibi-
tion constants.

The total simulation volume was set to 1 cm®. The relative volume
of the extravascular space was set to 1% or 5%. The values of CMR-
gle, K,, and K;; were set, respectively to 6.5 mM/s, 5 mM and 21 mM
(Barros et al., 2007). The value of v,,,, was calculated such that at the
steady state blood concentration of 5 mM (before injection) the glucose
concentration in the tissue is 1 mM (Duarte et al., 2009).

3. Results
3.1. Validation of FRET fiber photometry of glucose by 2PLSM

To perform simultaneous DGE and fiber photometry experiments, we
designed a custom-made mouse holder that could be inserted into an
MRI scanner while allowing sufficient space to accommodate the optic
fiber without excessive bending (Fig. 1). The site of implantation was
visible in the anatomical MRI images, ensuring that the tomographic
data could be collected from the same brain volume that was sampled
by photometry (Fig. 1). However, before being used for comparison with
DGE MRI, ratiometric fiber photometry of glucose (Fig. 2A and B) re-
quires an independent validation, since potential artifacts arising from
fiber or brain autofluorescence might affect both the absolute values and
the dynamics of the response.

Thus, to confirm the reliability of our fiber photometry results we
performed 2PLSM imaging of neuronal and astrocytic glucose levels
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Fig. 1. Simultaneous MRI and fiber photom-

etry setup. Mouse fixed in the custom-made
MRI MRI bed with chronically implanted headpost
and optic fiber; T2 weighted anatomical image
of the brain. The arrow indicates the suscepti-
bility artifact caused by the fiber implant that
was used to choose the imaged section.

(Fig. 2C and 2D, respectively) upon 1 min IV injection of 120 ul 50%
w/v D-glucose. The dynamics of neuronal and astrocytic glucose con-
centration changes relative to baseline (R/Rg; ), are seen in Fig. 2E and
F. In 2PLSM (black curves) both cell types show an increase in the rel-
ative FRET ratio, R/Rp;, and a slow gradual reduction after around an
hour. Neurons reach the maximum change of 23% in 50-60 min and
astrocytes reach a maximum change of 30% in 40 min after injection.

The fiber photometry curves (Fig. 2E and F, red traces), show a tem-
poral profile similar to the 2PLSM curves (Fig. 2E and F, black traces),
but with a reduced response amplitude. On average, neurons and as-
trocytes reach a maximum of 19% and 15%, respectively. The minor
discrepancy in the neuronal traces might be due to instrumental fac-
tors, such as differences in the detected wavelength ranges, scattering
and reabsorption effects or nature of the excitation (one-photon vs two-
photon). However, the discrepancy is more pronounced for the astro-
cytic traces, suggesting additional biasing factors.

A potential explanation for this observation is a larger relative con-
tribution of brain autofluorescence to the astrocytic signal. In fact, we
used a lower viral titer for astrocytic expression compared to neuronal,
due to the observation of neuronal protein expression using the GFAP
promoter at higher AAV titers (Supplementary Fig. 3), in accordance
with previous reports (Taschenberger et al., 2017). Since in fiber pho-
tometry cell specificity is only due to selective expression, the presence
of a significant neuronal fraction would have compromised the results.

To overcome this problem, we tried a previously reported
microRNA-based neuronal detargeting approach (Humbel et al., 2021;
Taschenberger et al., 2017), producing two alternative sequences (Sup-
plementary Fig. 4) in which the microRNA targeting part was inserted
in different positions. An enhanced GFAP promoter, G1B3, was used
to counteract a decrease in astrocytic expression (Humbel et al., 2021).
Unfortunately, both sequences resulted in a much-reduced astrocytic ex-
pression and were thus not usable in our study (Supplementary Fig. 5).

Despite the remaining discrepancies, our comparison shows that
fiber photometry of the glucose sensor FLIIP produces curves that have
a very similar kinetic profile with respect to 2PLSM and thus provide a
reliable semi-quantitative readout of the cellular uptake when combined
with DGE MRL

3.2. DGE and fiber photometry upon administration of D-glucose

To evaluate the feasibility of simultaneous DGE MRI and FRET fiber
photometry of glucose, we first injected D-glucose intravenously, using
the same protocol as in the validation experiments. The DGE MRI signal
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Fig. 2. (A) Molecular structure of the FRET glucose sensor FLIIP featuring ECFP as donor and Citrine as acceptor; (B) FRET fiber photometry setup: (1) Light source
LED 430 nm, (2) Collimator, (3,4) dichroic mirrors, (5,6) photomultiplier tubes; (C,D) 2PLSM image of neuronal (C) and astrocytic (D) expression; (E,F) Comparison
of 2PLSM and fiber photometry (FP) upon injection of D-glucose (at timepoint 0 min) for neurons (2PLSM n =9, N = 3; FP n = 9, N = 3) (E) and astrocytes (2PLSM

n=10,N=4; FP n=9, N = 3) (F). Data are reported as mean + SD.
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Fig. 3. DGE MRI from ROI in (C) (n = 18,
N = 6) (A) and fiber photometry (B) in neu-
rons (n = 9, N = 3) and astrocytes (n = 9,
N = 3) upon injection of D-glucose (at time-
point 0 min). Anatomical image and ROI (C)
and DGE contrast images at three time points
(baseline, 10 min and 70 min post injection)
(D). Data are reported as mean + SD.

0~98 i | T T T T T T 1 ;
0 10 20 30 40 50 60 70 80 0

time / min

t =10 min

and the simultaneously acquired fiber photometry measurements of the
relative FRET ratio are shown in Fig. 3. The DGE MRI signal has a fast
increase reaching a maximum of 3% 4 min after the start of the injec-
tion, followed by a steady decrease over the remaining 80 min (Fig. 3A).
The astrocytic fluorescence ratio reaches a maximum of 17% at around
40 min post injection and the neuronal one reaches a maximum of 18%
in around 50 min, consistently with two-photon data (Fig. 3B). The
slower kinetics of glucose changes in both cell types suggest that the
DGE signal cannot have only intracellular origin, especially in the first
few minutes after injection.

To understand whether the brain extracellular space might be the
main contributor to the DGE signal at short times after injection, we
modelled the distribution of glucose between the blood and the brain
tissue, considered as a single compartment containing both the extra-
cellular space and the cells. To model the transport across the blood
brain barrier, we used the simple carrier model, in which the GLUT
transporter can alternate between four different states (Fig. 4A). This

10 20 30 40 50 60 70 80
time / min

High [Glc]
0.9

t =70 min

0.95
1

1.05

11
Low [Glc]

model has proven successful in describing glucose transport in the brain
in MRI studies (Duarte et al., 2009), and thus is particularly appropriate
to interpret DGE signals. To generate input data for the modeling, we
fitted experimental blood glucose data upon i.v. injection with a single
exponential decay convoluted with a Gaussian function (Fig. 4B). Ki-
netic parameters for the transporters were chosen based on the previous
study by Duarte et al. (2009). The calculated tissue concentrations are
shown in Supplementary Fig. 8 for relative vascular volumes of 1 and
5%. The curves are minimally different, showing that our conclusions
do not depend on the choice of the relative blood volume. To quantita-
tively interpret the DGE signal, the concentrations in each compartment
should be weighted by their relative volumes and by differences in DGE
signal due to e.g. pH or blood flow. While this is not feasible, it is still
possible to use the normalized curves to analyze if the shape of the DGE
curve is compatible with a signal originating only from the extravas-
cular space (Fig. 4C). The experimental curve is well reproduced by a
combination of vascular and extravascular signals, but clearly not by the
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Fig. 4. (A) Schematic representation of the
two-compartment kinetic model of glucose
transport and metabolism in the brain, based
on a four-state simple carrier model of the
GLUT1 transporter. (B) Experimental blood
glucose concentration (dots with SD interval)
upon i.v. injection of D-glucose (50% w/v,
75 ul, 1 min, n = 3, N = 3), fitted with
an arbitrary function (solid line) to produce a
smooth curve for modeling. (C) Fitting of the
normalized DGE signal with the kinetic traces
for blood and brain tissue glucose concentra-
tion obtained from modeling (with root mean
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extravascular component alone, demonstrating that at short times after
injection the signal is dominated by the vascular component.

3.3. DGE and fiber photometry upon administration of L-glucose and
3-0-methyl-D-glucose

To confirm the contribution of the vascular space, we injected L-
glucose, that is not a substrate for GLUT1 and therefore unable to cross
the blood brain barrier (i.v., 2.78 M, 120 L in 1 min). The results are
shown in Fig. 5. In DGE MR, there is an initial fast increase, similar
to the one observed for D-glucose, and a subsequent plateau that re-
mains stable until the end of the experiment (Fig. 5A), confirming the
ability of DGE to detect vascular contributions. As expected, there is no
significant signal change in fiber photometry, since L-glucose does not
get transported by either GLUT1 (predominant in endothelial cells and
astrocytes) or GLUT3 (predominant in neurons) (Fig. 5B).

To further show the complementarity between fiber photometry and
MRI techniques, we injected 30MG, a known glucoCEST contrast agent

| I N
10 20 30 40 50 60

T % T ' T _ 1
70 80
time / min

(i.v. 3 M, 120 pL in 1 min). The DGE curve and the relative glucose con-
centration changes in astrocytes and neurons upon injection are show
in Fig. 5. The DGE curve shows a fast increase upon injection, similar
to the one after D-glucose injection, reaching a maximum about 4 min
after injection (Fig. 5C). After that, the signal is almost stable for the re-
maining 80 min. In the fiber photometry measurements, a reduction in
both astrocytic and neuronal glucose is observed, followed by a recov-
ery phase, due to trans-acceleration (Fig. 5D). Since 30MG is not sensed
by FLIIP, only the glucose decrease is reported. The astrocytic signal de-
creases by 6% in 8 min and goes above baseline again after 35 min post
injection. The neuronal signal decreases by 8% in 10 min after injection
and crosses the baseline 40 min post injection. Importantly, the observa-
tion of trans-acceleration further confirms that the lack of response to L-
glucose injection cannot be explained simply by the fact that FLIIP is not
sensitive to L-glucose. In fact, if L-glucose would pass through GLUTs,
a reduction in the signal would be observed due to trans-acceleration,
similarly to the 30MG case.
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4. Discussion

In this study, we demonstrated the simultaneous acquisition of dy-
namic glucose-enhanced (DGE) MRI and FRET fiber photometry mea-
surements of intracellular glucose concentration. The reliability of FRET
fiber photometry for reporting changes of cell-specific glucose concen-
tration was validated by comparison with 2PLSM. While the ratiometric
response of the glucose sensor FLIIP in fiber photometry had a lower
amplitude than in 2PLSM, the kinetic profile was similar, proving that
the technique can effectively help elucidate the compartmental origin of
the signal in DGE MRI experiments. In particular, the astrocytic expres-
sion of the sensor shows a lack of specificity that forced us to lower the
expression levels, which in turn decreased signal intensity and rendered
the measurement more susceptible to artifacts. The problem of increas-
ing the reliability of astrocytic measurements in FRET fiber photome-
try might thus require more advanced approaches. Possible solutions
could be the development of brighter sensors based on improved ECFP
variants (Erard et al., 2013; Goedhart et al., 2012; Markwardt et al.,
2011) or the use of mouse lines expressing either recombinase enzymes
or directly the genetically encoded sensor (GES) of interest in astrocytes
(Branda and Dymecki, 2004; Navabpour et al., 2020).

The simultaneous recording of FRET fiber photometry and DGE MRI
traces allows to investigate the compartmental origin of the DGE signal.
In particular, an initial sharp increase in the DGE signal was observed
upon bolus injection of either D-glucose, 30MG or L-glucose, but not in
FRET fiber photometry. In the case of D-glucose, the only analyte that
can be optically sensed, the fiber photometry curves show a much slower
increase, followed by a decrease at longer timescale. This suggests that
the initial sharp rise in DGE originates from the extracellular space of
brain tissue and/or from the vasculature. While the former (together
with the intracellular component) is commonly assumed as the origin
of the DGE signal, the presence of a vascular component is currently
debated. Some studies include this possibility, but argue that its contri-
bution is lower than the one from the tissue compartment, because of
its lower relative volume and because of blood flow, that induces a dilu-
tion of the glucose polarization (Chan et al., 2012; Huang et al., 2020).
Nasrallah et al. (2013) reported the absence of a glucoCEST response
upon injection of L-glucose, which cannot cross the blood brain barrier
and thus remains intravascular. We failed to reproduce this observa-
tion in the present study. We observed an initial rise of the DGE signal
upon L-glucose injection, similar to that obtained from D-glucose. The
main difference between our study and that of Nasrallah et al. (2013) is
the use of DGE over glucoCEST. The different analysis procedure in
the two methods could be the source of the discrepancy between the
results. In glucoCEST, using asymmetry analysis and normalization at
an off-resonance chemical shift, the know symmetric T2 effect of OH
groups of glucose at high dosage (Gore et al., 1986; Yadav et al., 2014)
is largely eliminated. In DGE, the signal is normalized by the mean base-
line, thus the T2 glucose effect is not canceled out. In our study, DGE was
the method of choice, given that the aim was to both maximize signal
changes and opt for high temporal resolution. Moreover, we used kinetic
modeling to show that the initial fast rise upon D-glucose injection must
include a significant vascular component.

Here we notice that even though the relative volume of the cere-
bral vasculature is only around 1% of the total brain volume in the
murine cortex (Tsai et al., 2009), the concentration of D-glucose in
the blood after an IV bolus injection of 75 uL of 1.5 g/kg D-glucose
increases by about 25 mM compared to baseline (Supplementary Fig.
8), which would correspond to a volume averaged increase of roughly
0.4-0.45 mM in our protocol, a concentration change that should be de-
tectable by DGE. In addition, the consideration that the blood flow effect
would reduce the glucoCEST signal was based on the fast flow rate in
arteries (Knutsson et al., 2018), while the flow in the cortical capillary
bed is known to be much slower (Schmid et al., 2017). Nevertheless,
glucoCEST is susceptible to artifacts (Zaiss et al., 2019b) and we cannot
completely rule out a spurious origin of the initial fast DGE response.
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In any case, the comparison with FRET fiber photometry clearly speaks
against a significant intracellular contribution at early time points after
injection.

The strength of concurrent MRI and fiber photometry was further
demonstrated in the experiments using 30MG, a known DGE contrast
agent (Rivlin and Navon, 2018; Sehgal et al., 2019). The DGE re-
sponse showed a rapid rise followed by a plateau, similarly to what
was observed for L-glucose. In contrast to L-glucose, 30MG is a sub-
strate for GLUTs and therefore an exchange between the vascular, ex-
tracellular and intracellular compartments is expected. This was demon-
strated by the trans-acceleration effect observed by fiber photome-
try. Trans-acceleration is a well-characterized effect displayed by fa-
cilitated transporters like GLUTs and monocarboxylate transporters
(Carruthers, 1990; Deng et al., 2014; Garcia et al., 1994; Miller, 1965;
Widdas, 1952). The extracellular presence of transporter substrates, in
this case 30MG, stimulates a conformational switch of the transporter,
moving the substrate binding site towards the intracellular compart-
ment, thus facilitating the efflux of glucose. The difference between DGE
MRI and FLIIP kinetics upon 30MG injection indicates that the DGE sig-
nal is the sum of two temporal profiles, one due to 30MG itself and
one of opposite sign due to glucose. As a consequence, the interpreta-
tion of the DGE signal is not straightforward and caution is advised.
Importantly, the 30MG induced depletion of intracellular glucose con-
centration needs to be taken into consideration for potential clinical
applications, especially in patients with metabolic disorders.

5. Conclusions

In this work, we have introduced the combination of DGE MRI and
FRET-based fiber photometry. By comparison with 2PLSM, we have
shown that FRET fiber photometry of GESs presents several specific chal-
lenges but provides a qualitatively reliable temporal response. In partic-
ular, the possibility to target specific cell types generates compartment-
specific data, which is not possible with glucoCEST or DGE because
of the limited spatial resolution of MR techniques. The exact origin of
the glucoCEST and DGE signal remains elusive, but our multimodal ap-
proach differentiated the relative contribution of different brain com-
partments. In conclusion, our study demonstrates the feasibility to com-
bine quantitative photometric techniques with tomographic approaches
and that this combination provides complementary information that can
guide the interpretation of dynamic MR signals.
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