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Abstract

Fluctuations of neuronal activities in the brain may underlie relatively slow components of neurofunctional alterations,
which can be modulated by food intake and related systemic metabolic statuses. Glutamatergic neurotransmission plays
a major role in the regulation of excitatory tones in the central nervous system, although just how dietary elements
contribute to the tuning of this system remains elusive. Here, we provide the first demonstration by bimodal positron
emission tomography (PET) and magnetic resonance spectroscopy (MRS) that metabotropic glutamate receptor subtype
5 (mGIuR5) ligand binding and glutamate levels in human brains are dynamically altered in a manner dependent on food
intake and consequent changes in plasma glucose levels. The brain-wide modulations of central mGIuR5 ligand binding
and glutamate levels and profound neuronal activations following systemic glucose administration were further proven
by PET, MRS, and intravital two-photon microscopy, respectively, in living rodents. The present findings consistently
support the notion that food-associated glucose intake is mechanistically linked to glutamatergic tones in the brain,
which are translationally accessible in vivo by bimodal PET and MRS measurements in both clinical and non-clinical
settings.
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Introduction

Tones of excitatory versus inhibitory neuronal activi-
ties, often referred to as excitation-inhibition (E-I) bal-
ances,! determine the efficiency of neural coding,
underlying relatively slow transitions of brain functions
as exemplified by attention, wakefulness, sense of
fatigue, and susceptibility to stress.>® The global E-I
balance may fluctuate as a consequence of systemic
changes in metabolic tones induced by food intake,
while little is known regarding mechanistic links
between specific dietary components and tonic neuro-
nal activities in the brain.

Glutamate and gamma-aminobutyric acid (GABA)
are metabolically converted from glutamine in excitato-
ry and inhibitory pre-synapses, respectively,* and astro-
cytes supply glutamine by generating it from
glutamate.> ® As de novo synthesis of glutamate results
from the tricarboxylic acid (TCA) cycle following gly-
colysis in astrocytes, utilization of dietary glucose may
be pivotally involved in the modulation of synaptic
tones via energy-synthesizing processes in these cells.
Profound changes in tonic neuronal activities under
glycopenic conditions in the brain are likely to induce
fatigue and lack of concentration as represented by
manifestations in Addison’s disease,” and swings of
brain glucose levels related to daily life activities includ-
ing food intake in healthy circumstances are thought to
affect the functionality of neural networks at a lower
magnitude.

Despite these potential impacts of glucose and other
dietary metabolites on the E-I shift of constitutive neu-
ronal activities, the availability of technologies for
monitoring glutamatergic and GABAergic statuses in
the living brain has been limited. Magnetic resonance
spectroscopy (MRS) offers a means to noninvasively
measure relatively abundant metabolites, including glu-
tamine, glutamate, and GABA, in tissues. 013
Components of glutamate neurotransmission, such as
metabotropic glutamate receptors subtype 1 and sub-
type 5 (mGluRS5), have been visualized and quantified
by in vivo positron emission tomography (PET) with
specific radioligands.'*'® Notably, mGluRS5 radioli-
gand binding assessed by PET has recently been
reported to fluctuate in a single subject within one
day,'™'® implying the vulnerability of interactions

between mGIluR5 and its exogenous ligand to synaptic
glutamate levels modified by physiological processes.
The excitatory neuromodulation, coupled with daily
life events, would be clarified by examining coupled
or uncoupled changes in mGIluRS and glutamate by
bimodal PET and MRS assays.

This experimental paradigm was applied to the cur-
rent work in order to investigate whether dietary
nutrients and their metabolites trigger glutamatergic
tones in the brain following regular food intake.

Materials and methods

Human experiments

Subjects. Sixteen healthy male volunteers (26 + 5 years)
were enrolled in this study. None had current or past
psychiatric disorders, substance abuse, organic brain
disease, or organic diseases such as diabetes based on
their medical history and MR imaging (MRI) of the
brain. They underwent two mGIuRS PET scans with a
specific radioligand, (E)-[''C]JABP688.' and two MRS
scans on the same day. They were assigned to either
with (n=15) or without (n=11) food intake between
the two PET scans. This human experiment was
approved by the Radiation Drug Safety Committee
and the Institutional Review Board of the National
Institute of Radiological Sciences, Japan, and was car-
ried out in accordance with the Code of Ethics of the
World Medical Association. After a complete descrip-
tion of the study, written informed consent was
obtained from all participants. The study was regis-

tered with the University Hospital Medical
Information Network Clinical Trials Registry
(UMINO000014978).

PET procedures and kinetic analysis. All participants
underwent two PET scans (PET-Scan 1 at around
11:00 and PET-Scan 2 at around 14:00) on the same
day. Among all subjects, arterial blood was sampled
during the PET scan to obtain arterial input functions
for 11 subjects, except for 5 assigned to the no-food
intake condition.

For subjects assigned to the food intake condition,
blood levels of glucose, insulin, triglyceride, leptin, and
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active ghrelin were measured at a commercial labora-
tory twice, shortly before the initiation of each PET
scan. Among the 11 subjects assigned to the no-food
intake condition, 5 subjects underwent PET imaging
without arterial sampling to examine a potential
stress effect related to the arterial cannulation.

For more details about PET procedures, experimen-
tal design, experimental conditions and data analysis,
see Supplementary Methods.

PET kinetic analysis. For subjects with arterial data, the
total distribution volume (V1) was estimated by Logan
graphical plot?® using the radiometabolite-corrected
plasma input function in each region of interest
(ROI: frontal, temporal, parietal, occipital, anterior
cingulate, posterior cingulate and insular cortices, and
thalamus, caudate, putamen, amygdala, hippocampus
and cerebellar cortex). The brain blood volume contri-
bution was fixed at 5%.

MRIIMRS imaging procedures. All MRI and MRS scans
were performed with a 3-T MRI scanner
(MAGNETOM Verio, Siemens, Germany). Structural
T1-weighted images were acquired for all subjects. The
same-day two MRS scans (MRS-Scan 1 and MRS-
Scan 2) were conducted for all subjects before
PET-Scan 1 and after PET-Scan 2, respectively.
A T2-weighted image was acquired prior to each
MRS scan and used for the positioning of a ROI
(20 x 20 x 25mm®) in the right posterior insula. For
parameters of TI- and T2-weighted images, see
Supplementary Methods. We selected the insula
because of its involvement in glucose metabolism?>'*
and food-associated processing,”>** and also in the
processing of the systemic physiological condition.?
MRS was performed using a point-resolved spectro-
scopic localization sequence (PRESS) with WET
water suppression’® with the following parameters:
TE/TR, 30/2000 ms; bandwidth, 2000 Hz; number of
averages, 64; vector size, 1024.

MRS quantification. MRS data processing was performed
with LCModel (ver. 6.2-1G, Stephen Provencher Inc.,
Oakville, Ontario, Canada). The “basis-set” of model
spectra for the Siemens 3T PRESS sequence in the
LCModel package was used as reference, to facilitate
separation of the spectra using linear combinations of
individual metabolite spectra. In the current study, the
glutamate level was assessed (we used the level of
“glutamate” instead of “glutamate plus glutamine
[GIx]” in all our MRS analyses). Data reliability was
ensured by excluding any data associated with a signal-
to-noise ratio (ratio of the spectrum maximum minus
the baseline divided by twice the root mean square of
the residual) of less than 8 or a percentage standard

deviation value of more than 30 (in fact, the values
were 21 or less for all data), similar to previous
studies.?”-*8

Statistical analysis. All the statistical analyses in our cur-
rent study were conducted with SPSS 23.0 (SPSS Inc.,
Chicago, IL, USA), and the statistical significance
threshold was defined as p <0.05 (two-tailed), unless
otherwise specified. Normal distribution of each vari-
able (in our human and also animal experiments) was
confirmed by the Kolmogorov-Smirnov test for
significance.

We firstly conducted independent-sample t-tests to
examine group differences (between the groups with
and without food intake) in Vr in the cerebral ROI
and glutamate levels in the right posterior insula at
the 1st PET and MRS scans, respectively. Next, in
the groups with and without food intake conditions
separately, repeated-measures analysis of variance
(rm-ANOVA) was used to examine the effect of a
scan (Ist or 2nd) on V't and on glutamate levels.
A within-subject variable was a scan, and a dependent
variable was either V' in the cerebral ROI or glutamate
level in the right posterior insula for each scan. In case
significant scan effects were found on V't or glutamate
levels, we performed correlation analyses between Vet
in the right posterior insular ROI (defined using a
FreeSurfer atlas®) and the glutamate level in the
right posterior insula (for the 1st scan, and for their
% changes between the 1st and 2nd scans) to investi-
gate associations between regional mGluRS binding
and glutamate levels.

To investigate whether blood levels of glucose, insu-
lin, triglyceride, leptin, and active ghrelin were changed
between the Ist and 2nd scans, rm-ANOVA was used
for the food intake condition group. A within-subject
variable was a scan, and a dependent variable was the
blood level of either glucose, insulin, triglyceride,
leptin, or active ghrelin for each scan.

Animal experiments

To corroborate our findings in humans, we conducted
animal experiments with PET (Experiment 1,2), MRS
(Experiment 3), in vivo two-photon calcium imaging
(Experiment 4), ex-vivo biochemical (Experiment 5),
and in-vitro culture (Experiment 6) assays.
Experiments 1, 2, 4, 5, and 6 were conducted at the
National Institute of Radiological Sciences, Chiba,
Japan, in accordance with National Research
Council’s Guide for the Care and Use of Laboratory
Animals and the institutional guidelines. The experi-
mental procedures related to the animals and their
care were approved by the Animal Ethics Committee
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of the National Institutes for and
Radiological Science and Technology.

Experiment 3 was conducted at the Laboratory of
Functional and Metabolic Imaging, Lausanne,
Switzerland. The experiments were conducted accord-
ing to European Union directive 2010/63/EU and Swiss
legislation on animal experimentation, and all proce-
dures were approved by the local ethics committee
(EXPANIM-SCAYV, Switzerland).

All the animal experiments were reported following
the ARRIVE (Animal Research: Reporting in Vivo
Experiments) guidelines.

Quantum

Experiments | and 2: mGIuR5 PET

Preparation of animals. Male Sprague-Dawley rats
(Japan SLC, Japan) (weighing 380+63g for
Experiment 1, and 316 £40 g for Experiment 2) were
housed two or three per cage at a constant room tem-
perature (25°C) under a 12:12h light-dark cycle (light
from 07:00 to 19:00) for 24 weeks. The rats underwent
operation with an acrylic cap applied to the top of their
skull in order to fixate their heads. An anatomical tem-
plate of rat brain consisting of axial T1-weighted MR
images was obtained with 3-T Philips Intera (Philips
Electronic) by means of a three-dimensional spin-
echo sequence.

PET protocol.  Experiment . Six rats underwent
two PET scans (Scan 1 and Scan 2) on the same day
with feeding between the scans (feeding condition), and
received another set of two serial scans on a different
day without feeding between the scans (non-feeding
condition), with an interval of 7 days or longer. All
PET scans were carried out under food deprivation
from the previous night. Starting times for Scan 1
and Scan 2 were either 10:00 and 14:00, or 11:00 and
15:00, respectively. In the feeding condition, rats
received oral dosage of 1g/kg body weight, DietGel®
76A (ClearH,O®, ME, USA; Table S1) via feeding tube
between the two scans. Sham feeding was not con-
ducted on the day of the non-feeding condition. Scan
protocols were pursuant to clinical trials.

Experiment 2. Four rats underwent two PET scans
(control condition and glucose-load condition) on dif-
ferent days, with an interval of 7 days. Each scan was
begun at 12:00 under conscious condition. For the
glucose-load condition, rats received oral dosage of
2 g/kg glucose 30 minutes prior to the PET scan.

For details of PET measurements and kinetic anal-
ysis, see Supplementary Methods. Since, unlike
humans, the rat cerebellum is devoid of mGluRS5, we
directly quantified radioligand binding as binding

potential, which is a specific versus non-displaceable
radioactivity uptake (BPnp).

Statistical analysis.  Experiment [. We performed
rm-ANOVA to examine whether the presence or
absence of feeding between the two same-day scans
affects mGIluR5 binding. A within-subject variable
was the condition (feeding or non-feeding). A depen-
dent variable was the % change in BPnp in the cerebral
ROI, as calculated by 100 x ([BPnp at Scan 2] — [BPnp
at Scan 1])/(BPnp at Scan 1), for both feeding and non-
feeding conditions. In case a significant effect of con-
dition was found, BPnp in each ROI at each scan was
further investigated.

Experiment 2. We performed rm-ANOVA to examine
the effect of condition (control or glucose-loads) on
mGIuRS binding. A within-subject variable was the
condition. A dependent variable was BPyp in the cere-
bral ROI. In case a significant effect of condition was
found, BPnp in each ROI for both conditions was fur-
ther investigated.

Experiment 3: MRS. Six male Sprague-Dawley rats (266—
290 g, obtained from Charles River Laboratoires,
France) underwent MRS scans under 1.5% isoflurane
anesthesia as previously described.*® Before MRS, poly-
ethylene catheters were inserted into a femoral artery for
monitoring blood gases, arterial blood pressure, and
glucose and lactate levels, and into a femoral vein for
infusion of 20% D-glucose (w/v) in saline. During MRS
acquisition, glucose was given as a bolus and then con-
tinuously infused at a rate adjusted based on concomi-
tantly measured arterial plasma glucose levels to
maintain a stable level.

MRS was performed with a Direct Drive spectrome-
ter (Agilent, Palo Alto, CA, USA) interfaced to an
actively shielded 9.4 T magnet with a 31-cm horizontal
bore (Magnex Scientific, Abingdon, UK) using a home-
built 12-mm "H quadrature surface coil. The rat brain
was positioned in the isocenter of the magnet, and fast-
spin-echo images were acquired to identify anatomical
landmarks and place ROIs in the cortex and hippocam-
pus. For the MRS data acquisition, shimming was per-
formed with FAST(EST)MAP, and 'H MRS spectra
were acquired from a ROI size of 120pul using
SPECIAL with VAPOR water suppression®' and ana-
lyzed using LCModel with a macromolecule spectrum in
the database.’**' In the current study, glucose, gluta-
mate, and GABA levels in the brain were assessed.

Statistical analysis. Linear mixed effect models were
applied using the “nlme” package (version 3.1-118)
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equipped with R (R Foundation for Statistical
Computing, Vienna, Austria) to examine the effects
of time on plasma glucose levels, and the levels of glu-
cose, glutamate, and GABA in the brain. A fixed effect
was time. A random effect was individual rat ID. A
dependent variable was the plasma glucose level, or
glucose, glutamate, or GABA level in the brain.
Additionally, we compared whether glucose and gluta-
mate levels in the brain differ between the beginning of
glucose infusion and 120 min later by paired t-tests.

Experiment 4: In vivo two-photon calcium imaging. A
recombinant adeno associated virus (AAV) was pro-
duced in HEK293T cells by polyethylenimine mediated
co-transfection of AAV transfer plasmid encoding
GCaMP6s* with rat synapsin promoter and serotype
DJ packaging plasmids, pHelper and pRC-DJ (Cell
Biolabs Inc.). AAV particles were purified with
HiTrap heparin column (GE Healthcare) and virus
titer was determined by AAVpro® Titration kit (for
Real Time PCR) ver2 (TaKaRa) as described
previously.*?

A total of 12 male C57BL/6 J mice (20-30g, 7-11
weeks; Japan SLC, Inc., Hamamatsu) were used in
experiments with glucose (2g/kg; n=06) and saline
injection (n=06). For the surgical procedure, the ani-
mals were anesthetized with a mixture of air, oxygen,
and isoflurane (3—4% for induction and 2% for sur-
gery) via a facemask, and a cranial window (3-4 mm in
diameter) was attached over the left somatosensory
cortex, centered at 1.8 mm caudal and 2.5mm lateral
from the bregma, according to the ‘Seylaz-Tomita
method’.** AAV-Syn-GCaMP6s was injected into cor-
tical parenchyma during this procedure. A custom plas-
tic plate was affixed to the skull with a 7-mm-diameter
hole centered over the cranial window. Two-photon
imaging was performed in awake mice using our
hand-made fixation apparatus, as previously
reported.’> Each awake mouse was placed on a
custom-made apparatus, and real-time imaging was
conducted by wide field-of-view type two-photon
laser scanning microscopy (Multiphoton Mesoscope,
THORLABS, NJ, USA). Excitation wavelength of
900 nm (commercial laser oscillator) was used for
GCaMP6s, and an emission signal was separated by
beam splitter (560/10 nm) and detected with a band-
pass filter (525/50 nm). Visual field size of the image
was 2000 pm x 2000 pm, and in-plane pixel size was 1
pm. Temporal resolution was 5 Hz for 120s (600
frames/trial). Images were acquired before and 15,
30, 60, 90 and 120 min after injection of glucose or
saline (i.p.).

Image analysis of two-photon calcium imaging was
performed using Matlab (MathWorks, MA, USA).
First, motion correction was performed using

NoRMCorre. The images for all time points were
then divided by the first image, and the images of
signal change rate were obtained. ROIs were manually
drawn on the image obtained by maximum intensity
projection (MIP) processing for images for 12 min
(120 seconds x 6 trials). The time-dependent change
in average luminance value was then obtained for
each ROI.

For statistical analysis, we conducted two-way
ANOVA to examine the effects of group (groups of
glucose or saline injection), time, and their interaction
on neuronal firing frequencies. In case significant
effects were found, we performed post-hoc Tukey-
Kramer tests for each group to examine neuronal fre-
quency differences between each time point (15, 30, 60,
90 or 120 min) and the time of the injection (0 min). In
addition, we examined neuronal frequency differences
between these groups at each time point.

Experiment 5: Immunoblot analysis of rat brain tissue. 8-
10-week-old male Sprague-Dawley rats (weighing
308 53 g; n=13) received oral administration of
either normal saline (n=7) or glucose (2g/kg, oral;
n=06) 45 min before being sacrificed by cervical dislo-
cation. Brain tissues were quickly removed, sliced, and
lysed in buffer containing 20 mmol/L Tris-HCI, pH7.5,
150 mmol/L NaCl, 1 mmol/L EDTA, 1%Triton X-100,
0.1%SDS, protease inhibitor and phosphatase inhibi-
tor cocktails by sonication. The protein extract was
then cleared by centrifugation (15,000 g, 10 min) and
the supernatant was collected as total lysate. To deter-
mine the total protein levels of mGluRS5, the lysate was
separated by SDS-PAGE with 5-20% Tris-glycine gel
(Nacalai Inc) followed by conventional immunoblot
analysis with polyclonal anti-mGIluR5 antibody
(Millipore, AB5675) or anti-B actin antibody (Sigma,
A1978) and HRP conjugated secondary antibodies
(Jackson IR lab). ECL-mediated chemiluminescent
signal was captured by Amersham Imager 600 (GE
Healthcare), and signal intensity was quantified by
Image J software. We conducted independent-samples
t-tests to examine group differences (saline or glucose-
load) in total mGIluRS5 protein levels (monomer and
dimer), and also to examine group differences (saline
or glucose-load) in total mGIluRS5 protein levels (mono-
mer and dimer).

Experiment 6: Glutamate concentration in neuronal culture
medium. To investigate whether glucose stimulates glu-
tamate release from neuronal cells, we incubated pri-
mary neuronal culture in conditioned medium
containing various concentrations of glucose and mea-
sured the extracellular levels of glutamate. For details
of neuronal culture, see Supplementary Methods.
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Statistical analysis. We conducted ANOVA to com-
pare glutamate concentrations among four conditions:
control, glucose 50 mmol/L, glucose 250 mmol/L, and
KCl conditions. In case a significant effect of condition
was found, post-hoc analysis was conducted to exam-
ine the difference in glutamate concentration for each
condition.

Results

Human experiments

Changes in central mGIuR5 ligand binding and glutamate levels
following food intake. Between the groups with and with-
out food intake, there were no significant differences at
the 1st scan in either radioligand binding to mGluRS5, as
assessed by estimating V't (t=—1.80, p=0.11), or glu-
tamate levels (t=—0.04, p=0.97) (Table 1). V't was
increased across extensive brain areas (average change,
28.8%; p=0.009, F=21.87, degree of freedom
[DOF]=4 by rm-ANOVA), and glutamate levels in
the right posterior insula were elevated (average
change, 9.9%; p=0.019, F=14.69, DOF =4 by rm-
ANOVA) following food intake (Figures 1 and 2(a)
and (b), Table 1, Table S2). By contrast, subjects without
inter-session food intake exhibited declined V't values
(average change, —19.7%; p=0.016, F=12.64,
DOF = 5byrm-ANOVA) and glutamate levels (average
change, —8.5%; p=0.014, F=9.14, DOF =9 by rm-
ANOVA) throughout the corresponding target regions
in the 2nd scans (Figures 1 and 2(a) and (b), Table 1,
Table S2). The radioligand availability for the transfer

from blood to the brain, as assessed by the free fraction in
plasma, did not significantly differ between the scans: the
average values for each group changed in the same direc-
tion as the change in V't between scans, but the degree of
the free fraction change was much smaller than the V't
change across conditions (Supplementary Methods,
Result S1). The mGIluRS5 binding change was not asso-
ciated with stress-related hormonal change, which could
be caused by the arterial cannulation in our experiment
(Result S2, Figure S1, Table S3).

Between the two scans, we observed a significant
positive correlation between changes of regional Vet
and of glutamate levels in the right posterior insula
(Pearson’s r=0.67, p=10.036; Figure 2(c)), while their
correlation at the 1st scan remained at a trend level
(r=0.42, p=0.20, Figure 2(c)).

Changes in blood measures following food intake. Plasma
glucose (p=0.018, t=-3.89, DOF =4) and serum
insulin (p=0.039, t=-3.04, DOF =4) levels under
food intake condition were significantly elevated by
food intake between the two assaying sessions as exam-
ined by paired t-tests (n=15), while other blood meas-
ures potentially associated with eating, including
triglycerides, leptins, and ghrelins were not altered
between the scans (Table S4). Associations between
Vr and blood measures are illustrated in Figure S2.

Animal experiments

Experiment |: PET (feeding and non-feeding conditions). A
significant main effect of condition was found by rm-

Table I. mGIuRS5 radioligand binding quantified by total distribution volume (V1 [mL/mm?]), glutamate levels in the Ist and 2nd
sessions on the same day, and changes of these parameters between the two sessions in human subjects.

Food intake condition

No-food intake condition
Difference between

Effect of scan Effect of scan conditions
n Mean (S.D.) F P n Mean (S.D.) F p t P
V1 (cerebral ROI) 21.87 0.009* 12.64 0.016*
PET-scan | 5 4.07 (0.60) 6 3.47 (0.51) —1.80 0.11
PET-scan 2 5 5.20 (0.65) 6 2.74 (0.27)
Change (%) 5 28.85 (17.62) 6 —19.65 (14.37)
Glutamate 1469 0.019* 9.14 0.014*
(right posterior insula)
MRS-scan | 5 0.99 (0.08) I 0.99 (0.17) —0.04 0.97
MRS-scan 2 5 1.08 (0.05) 10 0.90 (0.15)
Change (%) 5 994 (6.41) 10 -8.50 (8.76)

An independent-samples t-test was applied to compare baseline differences in V1 in the cerebral ROI and glutamate levels in the right posterior insula
between the groups with and without food intake. In these groups separately, repeated-measures analysis of variance (rm-ANOVA) was applied to

examine the effect of a scan (1°° or 2™%) on Vyand on glutamate levels.
*p < 0.05 by rm-ANOVA.
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Figure I. PET images of mGIuR5 in human brains acquired with (E)-['' C]ABP688 on the same day. (a) Representative whole-brain V1
images from the Ist and 2nd PET scans of a subject in the food intake condition (left) and another subject in the no-food intake

condition (right). (b) V for (E)-['' CJABP688 in the Ist and 2nd PET scans across brain regions in the food intake (n = 5) and no-food
intake (n=6) conditions. Error bars represent standard deviation. (c) Scatter plot of V for (E)-[''C]JABP688 in the 2nd PET scan
against V in the Ist PET scan across brain regions in each subject (red to orange, food intake condition; blue to light-blue, no-food
intake condition). Vq, total distribution volume (mL/mm?3).
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ANOVA (p=0.025, F=9.90, DOF = 5) on BPnp, and
the presence and absence of feeding induced an increase
(10.1-19.4%) and decrease (2.3-19.5%), respectively,
of BPnp in the second PET scan relative to the first
scan (Figure 3(a), Table S5). We additionally examined
whether BPnp in the cerebral ROI in the Ist scans
differs between the days of feeding and non-feeding
conditions by paired t-test, and found no significant
difference (t=—1.76, p=0.14).

Experiment 2: PET (glucose-load). Mean BPnp Wwas
increased by 18.2% after a systemic glucose load as
compared to a control condition, and rm-ANOVA
demonstrated a significant main effect of the
condition (p=0.004, F =62.29, DOF = 3) (Figure 3(b),
Table So).

Experiment 3: MRS. Linear mixed effect models showed
significant effects of time on plasma glucose levels
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Figure 3. Food- and glucose-related changes of mGIuR5 radioligand binding in rat PET experiments. (a) Regional (E)-['' C]JABP688
binding in two serial PET experiments on the same day in the feeding (n = 6) and non-feeding (n = 6) conditions. (b) Regional (E)-[''C]
ABP688 binding in PET experiments with glucose loads (n=4). Error bars represent standard deviation, and dotted lines denote
regressions. BPyp, non-displaceable binding potential; PFC, prefrontal cortex.

(p=0.001, average 134.8% increase after two hours),
and on levels of glucose, glutamate, and GABA in
brain (p < 0.001 for all). As shown in Figure 4, glucose
levels in brain increased during the first 40 min after
initiation of glucose infusion, then reaching a plateau,
while glutamate levels increased gradually. Infusion of
glucose over two hours resulted in significant increases
of glucose (p <0.001, t=—16.51, DOF =5) and gluta-
mate (p=0.001, t=-7.67, DOF =5) levels in brain. In
the meantime, there was a slight, insignificant increase

of central GABA levels (p=0.06, t=—2.38, DOF =5)
concurrently with glucose infusion (Figure 4).

Experiment 4: In vivo two-photon calcium imaging. After
injections of glucose, the frequency of spontaneous
neuronal activation increased gradually and plateaued
at 60 min (Figure 5). There were main effects of treat-
ment group (p <0.001, F=43.91, DOF =25) and time
(p<0.001, F=4.64, DOF=25), and interaction
between group and time (p<0.001, F=4.93,
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glutamate, GABA in the brain after glucose injection. Error bars represent standard deviation. Significant effects of time were found on
glucose, glutamate, and GABA levels in the brain (p <0.001 for all). Two hours after glucose infusion, glucose (p < 0.001) and
glutamate (p =0.001) levels in the brain significantly increased as compared to baseline, while there was a slight, insignificant increase

of GABA levels (p=0.06). *p < 0.05 as compared to baseline.

DOF =25) by two-way ANOVA. Neuronal firing fre-
quencies continued at higher levels until 120 min after
the injection (p <0.001, p=0.0037, and p=0.0025 at
60, 90, and 120 min, respectively, as compared to the
vehicle injection group at the same time points). By
contrast, vehicle injection did not change the firing fre-
quency of the same neurons (Figure 5).

Experiment 5: Ex vivo analysis. We found no significant
difference in the levels of monomeric (p=0.77) and
dimeric (p=0.94) receptor species between the
two treatment groups (Figure S3). Hence, altered
mGluRS ligand binding in PET scans after glucose

load could not occur from changes in the total receptor
amount.

Experiment 6: Cell culture analyses. A significant effect of
condition was found on glutamate concentrations
(p<0.001, F=19.77, DOF =24 by ANOVA; Figure
S4). A post-hoc analysis showed that the glutamate
concentration in the glucose 250 mmol/L condition
was significantly higher compared to the control con-
dition (p=0.005, 33.7% higher on average). There
were no significant differences in glutamate concentra-
tion between the glucose 250 mmol/L and 50 mmol/L
conditions (p=0.6), nor between the glucose



Journal of Cerebral Blood Flow & Metabolism 41(11)

2938
(a) 2r 2P 2P 2P 2P 2p
¥ v 4 + ¥ -
Pre A 15min 30min 60min 90 min 120 min
Glucose or saline
2P: two-photon imaging (2 min, 600 frames)
Glucose injection: 50% glucose, 100 pl i.p.
(b)
=
g
S  250% - =ill= Average (Glucose) -[}- Average (Saline)
E - Individual (Glucose)
3 f
5 150%1 *
3 F /
g o) S
] Py
O
O  50%
o W e
E‘ 0% [ u&,_\._ﬁ_. | — | —
s ~207 40 60 80 100 120
g 50% Time after Glucose injection (min)
*p<0.05

Mouse brain
120um in depth

A

Neuron = 1'—-—»
(Synapsin-GCaMP)

Resting

»

120 min

Glucose injection
L ]

Figure 5. Excitability of neocortical neurons in unanesthetized mice assessed by wide-field two-photon microscopy. (a) Experimental
protocol. Two-photon calcium imaging was performed before and 15, 30, 60, 90 and 120 min after injection of glucose (n = 6) or saline
(n=6) (i.p.). (b) Changes of GCaMP fluorescence intensity in each neuron after glucose or saline injection as % of baseline value.

Error bars represent standard deviation. *p < 0.05 as compared to baseline. (c) Images obtained by wide-field two-photon excitation
microscopy before and 120 min after glucose injection. Arrows show images of neurons obtained with two-photon CaMKII-GCaMPé

imaging. Fluorescence intensity increased during neural activation.

50 mmol/L and control conditions (p =0.2). Glutamate
concentration in the KCL condition was also signifi-
cantly higher compared to the other 3 conditions
(p<0.032).

Discussion

With bimodal PET and MRS assays in rodents and
humans, we have shown that the intake of dietary
nutrients and consequent glucose digestion increase
mGluRS binding and glutamate levels in the brain,
whereas the lack of such supplementation drives oppo-
site changes. Alterations in regional mGluR5 radioli-
gand binding positively correlate with altered
glutamate levels and reflect their dynamic changes,
and there are also intimate links between brain gluta-
mate levels, glucose levels, and plasma glucose levels.
Glucose-induced modulations of glutamatergic activity
were further supported by our live-cell two-photon
microscopic and in vitro cell culture assays.

It is particularly noteworthy that our mGluRS PET
data indicate an enhanced glutamate release following
a rise of plasma glucose levels, raising the possibility of
an increase in the E-I ratio engendered by systemic

glucose intakes. MRS findings in rodents support the
robust elevations of cortical glutamate levels in concur-
rence with modest fluctuations of GABA levels, which
are attributable to the accelerated synthesis of these
transmitters from glutamine as a consequence of the
stimulated glucose-glutamate-glutamine pathway in
astrocytes. However, the PET demonstration of con-
centrated synaptic glutamate molecules implies that
the GABA release in inhibitory synapses is unlikely
to noticeably alter, since GABA acts on the presynaptic
terminals of excitatory synapses, resulting in sup-
pressed glutamate release from these terminals. The
glucose-induced activation of excitatory neurons,
including neocortical pyramidal cells, was further illus-
trated by the use of two-photon laser microscopy. In
addition, glutamate releases driven by the coordination
of neurons and astrocytes were shown by the co-culture
experiment, although the results of the neuronal assay
should be interpreted as preliminary, because of differ-
ences between in vitro conditions and the physiological
environment.

Numerous reports have documented an altered PET
radioligand binding during the physiological and phar-
macological neuromodulations. The binding of a
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classical PET tracer for D, dopamine receptors, [''C]
raclopride, is known to be reduced following a surge of
synaptic dopamine concentrations, as these exogenous
and endogenous ligands compete with each other on
the target binding sites.>*® In contrast, radiolabeled
spiperone, which has a much higher affinity (dissocia-
tion constant, ~0.1nM>°) for D, receptors than
raclopride (dissociation constant, 2-4 nM*°), is barely
displaced by endogenous dopamine on the target, and
its binding was found to be increased by dopaminergic
stimulations.® This change reflects dopamine-induced
internalization of the receptors in coated vesicles,
involving entrapment of receptor-bound spiperone in
these vesicles.” Similarly, (E)-[''CJABP688, an alloste-
ric ligand for mGIluRS5, does not compete with gluta-
mate on the receptors, and its binding is accordingly
considered to be increased by glutamatergic enhance-
ments and the resulting internalization of mGluRS5.
Meanwhile, the total amount of mGluR5 in neurons
is not likely to change according to glucose availability,
in view of our ex vivo biochemical measurement in the
rat brain.

However, the above explanation is only one of the
possibilities, and in our current study we have not
proven the underlying mechanism. Therefore, interpre-
tation of our results should be handled with consider-
able caution, as follows. First, there have also been
conflicting results regarding the extent of spiperone’s
affinity for internalized D, receptors.*'*** In the case of
(E)-["'CJABP68S, its accessibility to internalized recep-
tors remains to be elucidated. Second, our results do
not directly confirm that glutamate release in the brain
leads to internalization of mGluRS5. Experiments to
measure mGIluRS both on the surface of the cell mem-
brane and in a state of internalization before and after
glutamate release will be necessary. Third, for under-
standing the central mGIluRS5 function in relation to
glutamate, it would be necessary to take into consider-
ation the possibilities that various factors other than
the receptor internalization, including inter-individual
variability, may influence the mGIluRS5 status.

The preferential activation of glutamate versus
GABA transmissions downstream to the augmented
glucose metabolism might be explained by the gluta-
mate release from astrocytes, leading to the excitation
of nearby synaptic and extrasynaptic glutamate recep-
tors.*? This mechanism may highlight the role of astro-
cytes as a modulator of neuronal tones in response to
systemic nutrient signaling. Moreover, mGIluRS5 is
expressed in neurons and astrocytes, and glutamate
released from presynaptic terminals and astrocytes
can activate astrocytic mGIluRS, inducing chain reac-
tions of enhanced calcium signaling and release of
purines, which act on excitatory presynapses towards
sustained glutamate releases from axonal boutons

(Figure 6).** Hence, (E)-[''CJABP688-PET is presumed
to be capable of capturing dynamic changes in the
mGluR5-dependent neuron-astrocyte interactions sub-
sequent to an enhanced glucose supply, although con-
tributions of astrocytic mGIluRS5 to the PET-detectable
radioligand binding are yet to be determined.

As exemplified by synaptic and astrocytic stimula-
tions mediated by mGluRS, PET imaging of mGluRS
may not only be of utility as an indicator of glutamate
release but could also provide information on the neu-
romodulatory functions of this receptor in slow and
persistent components of functional fluctuations in
the brain. Previous reports demonstrated the signifi-
cance of mGIluRS in the regulation of stress
responses,® circadian rhythms,*® and feeding behav-
jors,*” but these activities are associated with
mGIuR5 in rather confined brain areas. In contrast,

Presynaptic
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Figure 6. Schematic presentation of enhanced glutamatergic
tones as a consequence of dietary glucose intakes according to
the current findings. Terminals of neuronal and astrocytic pro-
cesses are constituents of a tripartite synapse, in which metabolic
statuses of astrocytes are mechanistically coupled with glutama-
tergic tones. Systemic glucose intakes could enhance the astro-
cytic glucose metabolism, resulting in the augmented production
of glutamate in this cell type. This change triggers alternate
conversions of glutamate and glutamine, leading to elevated basal
excitability and synaptic glutamate release. In the meantime,
glutamate can be directly released from astrocytes to synaptic
and extrasynaptic spaces. In addition to postsynaptic mGIuR5,
astrocytic mGIuR5 is stimulated by glutamate, followed by acti-
vation of the Ca™™ signals and consequent reinforcement of
glutamate and purine releases from astrocytes. Presynaptic
purinergic stimulations also promote the release of glutamate,
forming a positive feedback loop sustaining a tonic increase of
the E-l balance. Glc, glucose; Pyr, pyruvate; Glu, glutamate; Gin,
glutamine; Pur, purine; A;AR, A, adenosine receptor; AMPAR,
AMPA receptor; NMDAR, NMDA receptor.
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the current PET assays have revealed that the interac-
tions between glutamate and mGIuRS5 in widespread
forebrain structures are triggered by glucose intakes,
conceivably giving rise to modifications of a global
E-I balance. These diet-related physiological oscilla-
tions of tonic neuronal activities could become deteri-
orated in a diseased condition, as altered mGIuRS5
availability was shown to emerge in diverse neuropsy-
chiatric disorders.*® > A murine model of neurodegen-
erative diseases also exhibited declines of mGluRS
radioligand binding in our recent PET experiments.>?
We therefore postulate that glucose-induced increase
and fasting-induced decrease of (E)-[''CJABP688 bind-
ing can be dysregulated at a prodromal stage of these
illnesses, which might offer biological tests to assist the
clinical diagnosis.

It is also noteworthy that plasma glucose levels
should be considered a confounding factor affecting
the radioligand binding measures in the quantification
of mGIluRS under physiological and pathological cir-
cumstances. Furthermore, results of mGIluR5 PET
measurements in pharmacological challenges could
fluctuate as a function of systemic and cerebral glucose
levels. In fact, PET studies have so far demonstrated
variable effects of systemically administered glutama-
tergic enhancers on the binding of racemate [''C]
ABP688 to mGIluR5.°>>>% In addition, variations of
blood and tissue glucose concentrations could influence
a test-retest assessment of mGluRS5 radioligand binding
in a single day, as documented previously.'”'® In such
an experimental protocol, having a meal between the
two scans may cause elevated radioligand retention in
the second session. We also anticipate that the associ-
ations between mGIuRS radioligand binding and glu-
tamate levels in the brains of healthy subjects examined
here would be modified under central nervous system
(CNS) disorders. Interestingly, a negative correlation
between these two parameters was observed in patients
with major depressive disorder in a cross-sectional
manner,”® somewhat different from our present find-
ings in healthy subjects. This finding implies disease-
related alterations of E-I balances as supposed in
diverse psychiatric illnesses,””>® although it would be
preferable to conduct these analyses while controlling
for the glucose levels.

Our results showing fluctuation of the quantitative
values between the two same-day scans may also have
implications for various other test-retest studies in
PET. While test-retest studies are often conducted on
the same day, the presence or absence of food intake
between the scans may potentially affect radioligand
binding and may bias the validity of test-retest param-
eter estimations. Therefore, unless the possibilities of
such confounding effects on the molecule to be

quantified can be ruled out, it would be preferable to
rescan on a different day under the same condition.

Additionally, although statistically not significant,
the between-group comparison in the 1st PET scan
with and without food intake in our human experi-
ments showed a trend toward slightly higher Vr
values in the food-intake group, while the within-
subject comparison in the 1st PET scan in our rat
experiment (Experiment 1) showed a trend toward
slightly higher BPnp values for the scan of the non-
feeding condition day. These results may suggest that
(E)-["'CJABP688 PET could also detect inter- and
intra-subject factors that affect the mGIuRS status
other than food or glucose intake, which will be a sub-
ject for further investigation.

Several technical limitations should be taken into
account in this study. First, the sample size in our
human experiment was small, as out of the 16 subjects,
only data from 11 subjects were used for full kinetic
PET analysis (5 and 6 subjects for the food intake and
no-food intake conditions, respectively). Therefore,
although we found clear differences between the two
scans, interpretation of our human experiment results
should be handled with considerable caution, and
future studies with larger sample sizes will be required
to confirm our results. Second, we did not measure the
blood levels of glucose, insulin, triglyceride, leptin, or
active ghrelin in the no-food intake condition group of
our human experiments. Third, to minimize confound-
ing effects including sex differences and also because of
the limited scan slot and volunteer availability, we
included only male subjects in our human experiments,
and accordingly only males in our rodent experiments
to maintain consistency. Further studies conducting
scans that include both male and female subjects will
be needed to generalize our results. Fourth, as clinical
MRS measurements were confined to the posterior
insula, it is yet to be clarified whether glucose intakes
affect the global E-I balance in the brain. To investigate
glutamate concentrations in extensive brain areas and
to generalize our results, it will be desirable to conduct
MRS studies in regions other than the insula, and to
apply multi-voxel MRS. Fifth, the PET and MRS
scans in human experiments were not conducted simul-
taneously. To perform more precise assessments of the
relationships between mGIluRS5 ligand binding and glu-
tamate levels, a PET/MR system would be beneficial.
Fifth, we cannot completely exclude the possibility that
some of the changes in the PET and MRS signals
observed in our experiments could be explained by fac-
tors other than glucose. Finally, there might be a con-
founding effect of physical and psychological stresses
on glutamatergic activities during the PET scan.
However, the inter-scan difference in mGIuRS ligand
binding was not associated with stress-related
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hormonal changes in plasma, which could be caused by
the arterial cannulation.

In conclusion, the present work has unraveled
dynamic alterations of the central glutamatergic tones
and basal neuronal excitability in a close link to dietary
glucose intakes. Such crosstalk among metabolic, neu-
rochemical, and neurophysiological statuses could be
pursued by in vivo multimodal assaying technologies
and could be a point for therapeutic interventions in
neuropsychiatric disorders associated with dysregu-
lated controls of the E-1 balance.
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