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Abstract: Fluorine-18 labeled 6-fluoro-6-deoxy-D-fructose (6-[18F]FDF) targets the fructose-preferred
facilitative hexose transporter GLUT5, which is expressed predominantly in brain microglia and
activated in response to inflammatory stimuli. We hypothesize that 6-[18F]FDF will specifically
image microglia following neuroinflammatory insult. 6-[18F]FDF and, for comparison, [18F]FDG
were evaluated in unilateral intra-striatal lipopolysaccharide (LPS)-injected male and female rats
(50 µg/animal) by longitudinal dynamic PET imaging in vivo. In LPS-injected rats, increased accu-
mulation of 6-[18F]FDF was observed at 48 h post-LPS injection, with plateaued uptake (60–120 min)
that was significantly higher in the ipsilateral vs. contralateral striatum (0.985 ± 0.047 and 0.819
± 0.033 SUV, respectively; p = 0.002, n = 4M/3F). The ipsilateral–contralateral difference in striatal
6-[18F]FDF uptake expressed as binding potential (BPSRTM) peaked at 48 h (0.19 ± 0.11) and was
significantly decreased at one and two weeks. In contrast, increased [18F]FDG uptake in the ipsilateral
striatum was highest at one week post-LPS injection (BPSRTM = 0.25 ± 0.06, n = 4M). Iba-1 and GFAP
immunohistochemistry confirmed LPS-induced activation of microglia and astrocytes, respectively,
in ipsilateral striatum. This proof-of-concept study revealed an early response of 6-[18F]FDF to
neuroinflammatory stimuli in rat brain. 6-[18F]FDF represents a potential PET radiotracer for imaging
microglial GLUT5 density in brain with applications in neuroinflammatory and neurodegenerative
diseases.

Keywords: fructose; neuroinflammation; PET; fluorine-18; GLUT5; microglia; FDG; FDF

1. Introduction

Neuroinflammation occurs in response to viral or bacterial infections, toxins, as well
as injury to the central nervous system and involves the activation of innate immune
glial cells. Prolonged neuroinflammation is a common feature linked to neurodegenerative
diseases such as Alzheimer’s disease (AD) that has been corroborated by molecular imaging
studies using positron emission tomography (PET) [1–3]. The most common PET imaging
biomarker of neuroinflammation is the 18 kDa translocator protein (TSPO) [4], which is
not specifically expressed on microglia, but is also found on astrocytes [5–7]. Nonetheless,
PET imaging studies targeting TSPO, both in animal models and in humans, have shown
neuroinflammation to be an early event in AD pathogenesis [8,9]. A novel PET radiotracer
capable of specifically imaging microglia would be critical to further our mechanistic
understanding of the link between neuroinflammation and neurodegenerative diseases in
the living human brain [10–14].

More specific molecular targets for microglial imaging are highly sought after.
Macrophage colony stimulating factor-1 receptor (CSF-1R) is one such target, which is
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predominantly found on microglia in the brain, with low-level expression occurring in
neurons [15,16]. Several efforts to develop potent and selective CSF-1R targeted PET ra-
diotracers for neuroimaging in preclinical and human studies are underway [17–25]. Two
other targets of particular interest for PET imaging microglia are the purinergic receptors
P2X7 and P2Y12 because they are found on M1 and M2 microglial phenotypes, respec-
tively [26]. These receptors represent targets that could elucidate the pro-inflammatory
(M1 phenotype) and anti-inflammatory (M2 phenotype) roles of microglia in neuroinflam-
mation. Several PET radiotracers that target the P2X7 receptor have been investigated in
preclinical studies [27–32], and recent efforts have also advanced P2Y12 receptor-targeted
PET radiotracers to preclinical evaluations [26,33–35]. A promising neuroinflammation
target is the glucose transporter (GLUT) 5, a high-affinity fructose-specific facilitative hex-
ose transporter which represents the principal fructose transporter in the body [36]. In
the brain, GLUT5 is predominantly expressed on microglia [37–39], and cerebral fructose
metabolism has been identified as a potential driving mechanism in AD pathology [40].
Thus, GLUT5 represents a novel biomarker for PET imaging of neuroinflammation in
neurodegenerative diseases [41]. A fluorine-18 labeled fructose derivative, 6-deoxy-6-
fluoro-D-fructose (6-[18F]FDF), was developed for PET imaging of fructose metabolism
in breast cancer via GLUT5 [42]. PET imaging studies with 6-[18F]FDF in breast cancer
models also demonstrated the involvement of GLUT2, a low affinity transporter, in the
uptake of 6-[18F]FDF [43,44], but the relative abundance of GLUT2 versus GLUT5 in brain
is unknown. The present study seeks to determine if 6-[18F]FDF can be used to specifically
image microglia in rodent models of neuroinflammation.

The most common radiotracer for PET imaging is 2-[18F]fluoro-2-deoxy-D-glucose
([18F]FDG) which is also a hexose. [18F]FDG-PET imaging generally captures inflammation as
well as changes and differences in glucose metabolism in the brain, and is frequently used for
imaging AD and related dementias for neuronal loss and neuroinflammation [45–47]. In this
study, we compare PET imaging using 6-[18F]FDF with that using [18F]FDG in lipopolysac-
charide (LPS) rat models of neuroinflammation in the context of our laboratory’s pre-
viously published results of imaging in this model with the 2nd generation TSPO PET
radiopharmaceutical, N-acetyl-N-(2-[18F]fluoroethoxybenzyl)-2-phenoxy-5-pyridinamine
([18F]FEPPA) [48].

2. Results

2.1. Early Increase in 6-[18F]FDF Uptake in LPS-Injected Striatum

Following injection in rats, 6-[18F]FDF accumulated slowly in brain parenchyma af-
ter the initial vasculature signal. Due to radiodefluorination of 6-[18F]FDF [42,49], bone
accumulation of the radioactivity (see Figure S1 for an example) also increased with time,
resulting in significant spillover of radioactivity from the skull to adjacent cerebral and
cerebellar cortices, with time–activity curves (TACs) in the cortical areas showing increased
radioactivity uptake throughout the 120 min acquisition similar to that in the skull. Nev-
ertheless, in subcortical areas such as striatum, thalamus and hippocampus, the TACs
plateaued 60 min after the bolus injection and remained stable at 0.8–1.0 standardized
uptake values (SUV) for the remainder of the acquisition (see Figures 1 and 2). In this
proof-of-concept study, we focused on the striatum and hippocampus which had minimal
skull spillover of radioactivity.

As shown in Figure 1, increased 6-[18F]FDF uptake was observed in the LPS-injected
right striatum vs. the left side at 48 h post-surgery in both male (Figure 1A) and female
(Figure 1D) rats. At later time points of one week (Figure 1B,E) and two weeks (Figure 1C,F),
increased 6-[18F]FDF binding in the ipsilateral vs. contralateral striatum was largely di-
minished. Therefore, the early increase in 6-[18F]FDF uptake following LPS was in sharp
contrast to that reported previously for the TSPO ligand [18F]FEPPA, which peaked at ap-
proximately one week post-LPS injection, and to that of the MAO-B ligand [11C]L-deprenyl,
which developed after two weeks of LPS injection [48].
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55.7, P < 0.0001) and time x brain region interaction (F38,228 = 2.81, P < 0.0001), suggesting 
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Figure 1. Representative static iterative transverse PET images of 6-[18F]FDF binding in unilateral
lipopolysaccharide (LPS)–injected rat striatum in male (A–C) and female rats (D–F) at 48 h, 1 week,
and 2 weeks post–LPS, and (G) MRI indicating the regions of interest of striatum (yellow) and
hippocampus (purple).

The results shown in Figure 1 were supported by TAC analyses depicted in Figure 2.
Increased 6-[18F]FDF uptake (SUV, 60–120 min) in the ipsilateral striatum vs. contralat-
eral side was observed at 48 h after surgery (0.985 ± 0.047 vs. 0.819 ± 0.033, n = 4M/3F,
p = 0.0023; Figure 2A). Repeated measures ANOVA across the time course revealed a
significant effect of LPS treatment (i.e., right vs. left striatum; F1,6 = 22.9, p = 0.003), time
(F38,228 = 55.7, p < 0.0001) and time x brain region interaction (F38,228 = 2.81, p < 0.0001),
suggesting significantly increased 6-[18F]FDF retention with time induced by LPS. No
significant difference in TACs between left and right striatum was observed (n = 2M/3F)
at one week (treatment: F1,4 = 6.17, p = 0.07 or time x treatment interaction: F38,152 = 0.96,
p = 0.55; Figure 2B) or two weeks (treatment: F1,4 = 1.20, p = 0.34 or time x treatment interac-
tion: F38,152 = 1.07, p = 0.38; Figure 2C) after LPS. As a control brain area, hippocampus did
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not show any significant left and right side difference in TACs at any time point studied
(p > 0.05; Figure 2D,F), indicating the specificity of LPS-induced local response (see also
Figures S2 and S3 for separate TACs of male and female rats).
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Figure 2. Time–activity curves (TACs) of 6-[18F]FDF in striatum and hippocampus of rats injected
unilaterally with lipopolysaccharide (LPS) in the right striatum. Average TACs (±SEM) of 6-[18F]FDF
are shown in combined male and female rats in the ipsilateral and contralateral side of striatum
(A–C) and hippocampus (D–F) at 48 h (n = 4M/3F), 1 week (n = 2M/3F), or 2 weeks (n = 2M/3F),
post-LPS injection. ** p = 0.003, right vs. left striatum at 48 h (repeated measures ANOVA).

With the left-brain region as the reference, the binding potential (BP) on the right side
was estimated with simplified reference tissue model (SRTM) [50]. As shown in Figure 3A,
one-way ANOVA showed significant change of BP with time in LPS injected striatum
(F2,14 = 7.68, p = 0.006), with significantly higher BP at 48 h (0.19 ± 0.11) compared to later
time points. In preliminary analysis comparing male and female rats, a two-way ANOVA
showed a significant effect of sex (F1,11 = 7.9, p = 0.017) and time (F2,11 = 10.3, p = 0.003)
but not sex x time interaction (F2,11 = 1.57, p = 0.25), suggesting that male rats (0.25 ± 0.03;
n = 4) had significantly higher BP in the ipsilateral striatum than the females (0.11 ± 0.03;
n = 3) at 48 h after LPS injection but the response was later diminished with time in both
sexes (Figure 3A, inset).
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Figure 3. Binding potential (BPSRTM, ±SEM) of 6-[18F]FDF (A) and [18F]FDG (B) in unilateral
lipopolysaccharide-injected right striatum of rats. BPSRTM was derived from simplified reference
tissue model (SRTM) using contralateral side as the reference tissue. Inset in (A) shows separate
striatal 6-[18F]FDF data for male and female rats. * p < 0.05, 6-[18F]FDF at 48 h vs. other time points
and [18F]FDG at one week vs. other time points in the striatum; # p < 0.05, male vs. female rats in
6-[18F]FDF uptake at 48 h (one-way ANOVA followed by Bonferroni corrections).

2.2. Increased [18F]FDG Uptake in LPS-Injected Striatum after One Week

We also performed dynamic PET imaging of [18F]FDG in the LPS rat model of neuroin-
flammation for comparison. As expected, [18F]FDG was rapidly taken up and retained in
the rodent brain throughout the 120 min acquisition. PET scans in male rats following LPS-
injection showed increased radioactivity accumulation at one week post-LPS (Figure 4B
vs. 4A and 4C). At one week (Figure 5B), but not at other time points (Figure 5A,C,D),
TAC analyses demonstrated a significant difference in the right vs. left striatum (n = 4;
F1,3 = 10.0, p = 0.05) and time x brain region interaction (F38,114 = 1.58, p = 0.035), which is
consistent with increased [18F]FDG retention local to the LPS-injected striatum. The control
brain region hippocampus did not show any significant difference in the right vs. left
striatum as indicated by the TACs at any time point (p > 0.05; Figure 5E–H). Accordingly,
the BP for [18F]FDG in the ipsilateral striatum vs. contralateral side (Figure 3B) peaked at
one week post-LPS injection (0.25 ± 0.06; n = 4), which was significantly higher than at
other time points (one-way ANOVA F3,11 = 5.67, p = 0.014). This pattern of BP following
LPS-injection into the right striatum is drastically different from that observed following
6-[18F]FDF injection, indicating that fructose and glucose metabolism are not occurring in
the same population of cells.
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Figure 4. Representative static iterative transverse PET images of [18F]FDG binding in unilateral
lipopolysaccharide (LPS)–injected rat striatum. Shown are PET images in male rats at (A) 48 h,
(B) 1 week, and (C) 2 weeks post–LPS injection.
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Figure 5. Time–activity curves (TACs) of [18F]FDG in striatum and hippocampus of male rats injected
unilaterally with lipopolysaccharide (LPS) in the right striatum. Average TACs (±SEM) of [18F]FDG
in ipsilateral and contralateral side of striatum (A–D) and hippocampus (E–H) at 48 h (n = 4), 1 week
(n = 4), 2 weeks (n = 4), or 4 weeks (n = 3) post-LPS injection. # p = 0.05, right vs. left striatum at
1 week (repeated measures ANOVA).
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2.3. Immunohistochemistry

Immunohistochemistry shown in Figure 6 demonstrates that an immune response
was induced in our neuroinflammation model with activated microglia/macrophages and
astrocytes being present on the ipsilateral side one week after LPS injection.
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Figure 6. Immunohistochemical staining for the presence of microglia and astrocytes in unilateral
lipopolysaccharide (LPS)-injected male rat brains. (A) Glial fibrillary acidic protein (GFAP, activated
astrocytes) and (B) ionized calcium binding adaptor molecule 1 (Iba-1, microglia/macrophages) of an
LPS-injected male rat brain at 7 days post-LPS injection in the right striatum.

3. Discussion

The most common PET biomarker of neuroinflammation is TSPO; however, this target
is not exclusive to microglia cells and many TSPO-targeted radiopharmaceuticals for clinical
research imaging have been confounded by genetic polymorphisms [51], which complicates
the interpretation of TSPO imaging in human brain. Novel PET radiotracers with the ability
to specifically image activated microglial cells at different stages are needed to improve
our understanding of the role of microglia in neuroinflammation and neurodegenerative
diseases [10–14]. In the brain, GLUT5 is predominantly present on microglia [37,39,52], and
represents, to our knowledge, an unexplored PET imaging biomarker of neuroinflammation.
In this proof-of-concept study, we evaluated the suitability of 6-[18F]FDF, a substrate of
microglia-located GLUT5, for PET imaging of neuroinflammation in rats injected with LPS
into the right striatum and revealed increased radioactivity accumulation in the ipsilateral
side compared to the contralateral side (Figure 1). Immunohistochemistry studies have
shown that in widely used LPS-induced rodent models of neuroinflammation, microglia
activation begins within hours then peaks within 1 to 2 weeks, depending on the biomarker
selected for immunohistochemical staining, and then gradually dissipates [53–56]. Indeed,
our longitudinal in vivo PET imaging studies found that radioactivity accumulation in
the right striatum following 6-[18F]FDF administration was highest at 48 h and returned
to baseline by 2 weeks post-LPS injection (Figure 2). Therefore, 6-[18F]FDF uptake peaks
earlier and returns to baseline sooner than that of the TSPO tracer, [18F]FEPPA, in male
LPS-injected rats [48]. This supports our hypothesis that 6-[18F]FDF is likely imaging an
early stage of microglial activation, since microgliosis has been shown to start earlier than
astrogliosis in response to LPS insults [57].

Our preliminary study showed a trend for sex differences in 6-[18F]FDF accumulation
in the LPS-injected right striatum over time, with male rats having a greater response than
the females. These preliminary results might indicate a difference in microglial response
to neuroinflammatory insult with LPS between males and females. Our findings are sup-
ported by preclinical studies that have shown sex-related differences in microglial function,
microglial expression levels during development, and microglial immune response to LPS
injection [58–61]. PET imaging studies have also revealed sex differences in microglia.
Another TSPO PET radiotracer, [18F]GE-180, revealed higher binding in female mice in a
neurodegenerative mouse model for β-amyloid (AppNL-G-F) [62]. Consistently, in human
studies, PET imaging with [11C]PBR28 showed higher TSPO binding in female healthy
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control subjects compared to males [63]. The mechanism underlying the sex difference is
unknown but could be related to estrous cycle and hormonal status. Taken together, further
studies are warranted to confirm the sex differences in male and female cohorts and to
examine the effects of hormones on LPS-induced 6-[18F]FDF uptake.

[18F]FDG is the most widely used PET radiopharmaceutical and is employed for
imaging glucose metabolism in neuroinflammation states, including in traumatic brain
injuries [64], AD and related dementias [46,47]; however, [18F]FDG is not a specific radio-
tracer for studying inflammation since glucose metabolism of inflammatory microglial
and astroglial cells is confounded by glucose metabolism in neurons and other cells in the
brain tissue [65]. Interestingly, our studies show that [18F]FDG uptake at the site of LPS-
injection peaked at 1 week in response to LPS insult (Figure 3B, Figure 5), which coincides
with increased [18F]FEPPA binding [48]. We postulate that the early stage of neuroinflam-
mation including proliferation of microglia and astrocytes is accompanied by increased
energy demand thus glucose metabolism. However, [18F]FDG has high background uptake
throughout the brain, and therefore subtle changes in glucose metabolism are not likely
to be detected by PET imaging. Only male rats were employed in our [18F]FDG study as
female rats are known to show variable uptake and metabolism with this radiotracer in the
brain [66]. Given the sex difference in LPS-induced 6-[18F]FDF uptake, future work could
consider if female rats respond differently than males to LPS challenge with [18F]FDG.

Limitations of this study include a relatively small number of animals examined and
defluorination and/or known residual [18F]fluoride in the formulation of 6-[18F]FDF, as
consistently reported in previous studies [49] (see also Section 4.1 below and Figure S4),
which could reduce the suitability for translation for human brain PET studies in the present
formulation due to proximity to the skull. However, despite bone uptake of [18F]fluoride
in the skull potentially leading to spill over to adjacent brain regions (e.g., cortices), the
partial volume effect was minimal in deep nuclei (e.g., striatum and thalamus) as judged
by plateaued rather than continuously increasing TACs during the 120 min acquisition.
Overall, 6-[18F]FDF was shown to be a promising PET radiotracer for specifically imaging
fructose metabolism in microglia via GLUT5 in the brain, and has potential applications for
PET imaging of neuroinflammatory and neurodegenerative diseases. We demonstrated the
ability of 6-[18F]FDF to specifically image early microglial activation in a rodent model of
neuroinflammation. Further studies could include more detailed histochemical examination
of the expression of GLUT5 and other brain glucose/hexose transporters (e.g., GLUT2),
including their cellular localization and relationship to other markers of glial activation
(e.g., ionized calcium binding adaptor molecule 1 [Iba1] and glial fibrillary acidic protein
[GFAP]) in models of neuroinflammation to correlate with 6-[18F]FDF imaging findings.
Future studies with 6-[18F]FDF could examine PET imaging of neurodegenerative disorders
that involve microglia including AD and Parkinson’s disease. Another area for future study
includes drug addiction as GLUT5 expression and the density of resting microglia have
been reported to be increased in brains of methamphetamine users [52]. Further studies
could also examine whether differences in 6-[18F]FDF uptake among M1 and M2 microglial
phenotypes exist. Pro-inflammatory M1 macrophages increase their glucose metabolism,
while anti-inflammatory M2 phenotypes have significantly lower glucose consumption
than M1 [67]. However, given the inherent heterogeneity of microglia under a pathological
condition, in particular in vivo, the M1/M2 dichotomy of microglia might not capture the
full picture of microglial status [68–70] and should be considered when developing new
biomarkers for neuroinflammation.

4. Materials and Methods
4.1. Radiochemical Synthesis

Radiochemical synthesis of 6-[18F]FDF was performed as previously described [49].
Briefly, the methyl 1,3,4-tri-O-acetyl-6-O-(methylbenzene-sulfonyl)-α/β-D-fructofuranoside
precursor (provided by Dr. Frank Wuest of University of Alberta, Edmonton, AB, Canada)
was labeled using a [18F]KF/Kryptofix (K222) complex, followed by acid hydrolysis, and



Molecules 2022, 27, 8529 9 of 14

isolation by semi-preparative HPLC (Phenomenex LUNA C18(2) 10 µm 250 mm × 10 mm,
0.1 M sodium acetate buffer, pH = 5, at 2 mL/min). The collected peak was used directly
for injection. Radiochemical identity was verified by HPLC and by co-spotting and staining
by radio-TLC, and radiochemical purity was determined to be >90% (95:5 MeCN:H2O).
The collected 6-[18F]FDF peak can be contaminated by a residual [18F]fluoride because of
similar retention times on the established semi-preparative HPLC conditions (see Figure
S4). [18F]FDG was purchased from Isologic Innovative Radiopharmaceuticals (ISOLOGIC,
Toronto, Canada).

4.2. Lipopolysaccharide Rat Models of Neuroinflammation

Rat models of neuroinflammation were prepared by injecting LPS (L2630, serotype
O111:B4; Sigma-Aldrich, St. Louis, MO, USA) unilaterally into the right striatum (caudate
putamen) as previously described at our laboratory [48]. Briefly, adult male (6-[18F]FDF:
357–435 g, n = 4; [18F]FDG: 274–337 g, n = 4) or female (6-[18F]FDF: 207–219 g, n = 3)
Sprague Dawley rats were anesthetized by isoflurane in O2 (5%, 2 L/min induction; 3%,
1 L/min maintenance) and positioned in a stereotactic head frame (David Kopf Instruments,
Tujunga, CA, USA). Coordinates for the right striatum in relation to bregma were 0.5 mm
anteroposterior, 3 mm lateral, and 5.5/4.5 dorsoventral [71]. The arm on stereotactic frame
was maneuvered to the appropriate coordinates and a small hole was drilled at this location.
A solution of LPS was injected at a rate of 0.5 µL/min via a microinjection pump with the
microinjector placed at the appropriate coordinates for injection into the right striatum at a
depth of 5.5 mm then 4.5 mm for a total of 50 µg in 4 µL injected.

4.3. Dynamic PET/MR and PET/CT Acquisition

PET/ magnetic resonance imaging (MR) or PET/ computed tomography (CT) was
performed with 6-[18F]FDF in LPS rat models of neuroinflammation at 48 h (n = 4M/3F),
1 week (n = 2M/3F), and 2 weeks (n = 2M/3F) post-LPS injection, as well as with [18F]FDG
in another cohort of male rats at 48 h (n = 4M), 1 week (n = 4M), 2 weeks (n = 4M) and
4 weeks (n = 3M) post-LPS injection. Two male rats in the 6-[18F]FDF study were sacrificed
at one week post-LPS injection for immunohistochemistry and one male rat in the [18F]FDG
study died after two weeks post-LPS. PET image acquisition following injection with
the radiotracers was performed as previously described [48]. Rats were anesthetized by
isoflurane in O2 (4%, 2 L/min induction; 1–2%, 1 L/min maintenance) for lateral tail-vein
catheterization then transferred to a nanoScan™ PET/MR 3T or a PET/CT scanner (Mediso,
Budapest, Hungary). Anesthesia was maintained throughout the imaging session while
body temperature and respiration parameters were monitored closely. A scout MR or
CT was acquired for PET field-of-view (FOV) positioning, then MR (gradient echo [GRE]
multi-FOV and fast spin echo [FSE] 2D) or CT images were acquired for PET corrections
of attenuation and scatter with the segmented material map and for PET/MR or PET/CT
co-registration to define anatomic brain regions of interest. Rats were administered a
bolus injection of 6-[18F]FDF (11.83–27.29 MBq) or [18F]FDG (15.39–23.15 MBq) through the
tail-vein catheter and a 120 min scan was acquired.

4.4. PET Data Analysis

Acquired list mode data were sorted into thirty-nine three-dimensional (3D) (3 × 5 s,
3 × 15 s, 3 × 20 s, 7 × 60 s, 17 × 180 s, and 6 × 600 s), true sinograms (ring difference
84). The 3D sinograms were converted in 2D sinograms using Fourier rebinning [72]
with corrections for detector geometry, efficiencies, attenuation, and scatter before image
reconstruction using 2D filtered back-projection with a Hann filter at a cut-off of 0.50 cm−1.
Static images of the complete emission acquisition (0–120 min) and in the time frame of
60–120 min were reconstructed with the manufacturer’s proprietary iterative 3D algorithm
(6 subsets, 4 iterations). The static iterative images were used for PET and MR or CT
co-registration (0–120 min images) and for presentation in figures (60–120 min images;
Figures 1 and 4). All data were corrected for dead time and were decay-corrected to the
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start of acquisition. Dynamic filtered back-projection images were used to extract regional
brain TACs using a stereotactic MR atlas [73] following co-registration with subject’s MR
(T2 weighted 2D FSE, TR 3971 ms, TE 87.5 ms) or CT image implemented in VivoQuant®

2021 software (Invicro, Needham, MA, USA). SUV were calculated by normalizing regional
radioactivity for injected radioactivity and body weight. Radiotracer BP in the right
striatum was estimated with SRTM, using left striatum as the reference tissue, implemented
in PMOD4.203 (PMOD Technologies, Zurich, Switzerland) [50]. TACs of the left and right
hippocampus, which were not affected by LPS injection in the striatum, were analyzed
as control.

4.5. Immunohistochemistry

Immunohistochemistry was performed to examine the expression of Iba-1 and GFAP in
brains of LPS-injected male rats (n = 2) at 1 week post-LPS injection to confirm the presence
of activated microglia and astrocytes, respectively, and also the successful injection of LPS
in the right striatum. Brain tissue was fixed in 10% formalin for 48 h then embedded
in paraffin and prepared in 4 µm sections onto microscope slides. Slides were dewaxed
through changes of xylene, followed by hydration through decreasing grades of alcohol in
water (100%, 95%, and 70%). Slides were blocked with 3% hydrogen peroxide, then antigen
retrieval was performed with slides being heated at 98 ◦C in a microwave for 30 min
for those being stained for Iba-1. Serum block was applied as directed by the MACH-4
Universal HRP-Polymer kit (Intermedico, BC-M4U534L), followed by incubation with a
rabbit anti-Iba1 primary antibody or a rabbit anti-GFAP primary antibody (Abcam, Boston,
USA) at room temperature for 1 h. Color was developed using DAB (Agilent Dako, K3468;
Carpinteria, CA, USA) and counter stained with hematoxylin. Slides were dehydrated by
reversing the rehydration procedure and sections were mounted with mounting medium
(Leica, 3801120; Concord, ON, Canada). Slides were scanned with a slide scanner (Olympus,
Slideview VS200; Tokyo, Japan).

4.6. Statistical Analysis

Data are represented as the mean ± SEM. Statistical analyses were performed by using
StatSoft STATISTICA 7.1 (Tulsa, OK, USA). Differences in average SUV 60–120 min between
left and right side were examined by paired Student’s t-test. Differences in 39-frame TACs
between left and right side of the brain regions were examined by repeated measures
ANOVA. Differences in BP across the time points following LPS injection and between
sexes were examined by one-way or two-way ANOVA.

5. Conclusions

The major finding of this study is an increased response of 6-[18F]FDF to a local
bacteria endotoxin insult in rat brain at 48 h post-surgery, suggesting that 6-[18F]FDF
imaging of fructose metabolism via GLUT5 in microglial cells could be an early biomarker
of neuroinflammatory reactions. The preliminary observation of sex differences in 6-
[18F]FDF response in rats warrants further studies of hormonal influences on microglial
reaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/molecules27238529/s1, Figure S1: Unstripped static 6-[18F]FDF image of Figure 1A (48 h post-LPS
injection in a male rat), showing radioactivity accumulation in the skull; but also increased uptake in
the LPS-injected right striatum vs. the left side. Figure S2: TACs of 6-[18F]FDF in striatum of male and
female rats injected unilaterally with LPS in the right striatum. Average TACs (±SEM) of 6-[18F]FDF
are shown in the right and left striatum of male (A–C) rats at 48 h (n = 4), 1 week (n = 2), and 2 weeks
(n = 2), re-spectively, post-LPS injection and of female rats (D–F) at 48 h (n = 3), 1 week (n = 3), and 2 weeks
(n = 3), respectively, post-LPS injection. * p < 0.05, right vs left striatum at 48 h (repeated measures ANOVA).
Figure S3. TACs of 6-[18F]FDF in hippocampus of male and female rats in-jected unilaterally with LPS in the
right striatum. Average TACs (±SEM) of 6-[18F]FDF are shown in the right and left hippocampus of male
(AC) rats at 48 h (n = 4), 1 week (n = 2), and 2 weeks (n = 2), respectively, post-LPS injection and of female rats

https://www.mdpi.com/article/10.3390/molecules27238529/s1
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(D–F) at 48 h (n = 3), 1 week (n = 3), and 2 weeks (n = 3), respectively, post-LPS injection. Figure S4. Results
of quality control of a 6-[18F]FDF production with residual [18F]fluoride. (A) Radio-HPLC chromatogram
shows 6-[18F]FDF at 3.2 min and residual [18F]fluoride at 2.4 min; (B) Radio-TLC also shows 6-[18F]FDF
(93.3%) at 78 mm and residual [18F]fluoride (6.7%) at 53 mm.

Author Contributions: A.J.B., E.M., J.T., C.S. and A.N. performed research, analyzed the data and
prepared the figures; A.J.B., J.T. and N.V. wrote the main manuscript. A.J.B., E.M., J.T., M.W., F.W.
(Frederick West), F.W. (Frank Wuest) and N.V. reviewed the data and all authors reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: A.J.B. acknowledges support from the CAMH Foundation (Discovery Fund). N.V. thanks
the Azrieli Foundation, the Canada Research Chairs Program, Canada Foundation for Innovation,
and the Ontario Research Fund for support. A.N. is supported by Enigma Biomedical Group. C.S.
acknowledges support from The Brain and Behavior Research Foundation (BBRF; NARSAD Young
Investigator Award). F.W. acknowledges support of this work from the Dianne and Irving Kipnes
Foundation.

Institutional Review Board Statement: Animal studies were conducted under a protocol (#851)
approved by the Animal Care Committee at the Centre for Addition and Mental Health, following
the Canadian Council on Animal Care guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets during and/or analyzed during the current study will be
made available from the corresponding authors on reasonable request.

Acknowledgments: We thank our colleagues at the CAMH Brain Health Imaging Centre for support
with the cyclotron, radiochemistry, and preclinical research.

Conflicts of Interest: A.N. is employed by Enigma Biomedical Group. N.V. is a co-founder of
MedChem Imaging, Inc. All authors declare that the research was conducted in the absence of any
commercial or financial relationship that could be construed as a potential conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Guzman-Martinez, L.; Maccioni, R.B.; Andrade, V.; Navarrete, L.P.; Pastor, M.G.; Ramos-Escobar, N. Neuroinflammation as a

Common Feature of Neurodegenerative Disorders. Front. Pharmacol. 2019, 10, 1008. [CrossRef] [PubMed]
2. Zhou, R.; Ji, B.; Kong, Y.; Qin, L.; Ren, W.; Guan, Y.; Ni, R. PET Imaging of Neuroinflammation in Alzheimer’s Disease. Front.

Immunol. 2021, 12, 739130. [CrossRef] [PubMed]
3. Schain, M.; Kreisl, W.C. Neuroinflammation in Neurodegenerative Disorders-a Review. Curr. Neurol. Neurosci. Rep. 2017, 17, 25.

[CrossRef] [PubMed]
4. Beaino, W.; Janssen, B.; Vugts, D.J.; de Vries, H.E.; Windhorst, A.D. Towards PET imaging of the dynamic phenotypes of microglia.

Clin. Exp. Immunol. 2021, 206, 282–300. [CrossRef] [PubMed]
5. Guilarte, T.R.; Kuhlmann, A.C.; O’Callaghan, J.P.; Miceli, R.C. Enhanced expression of peripheral benzodiazepine receptors in

trimethyltin-exposed rat brain: A biomarker of neurotoxicity. Neurotoxicology 1995, 16, 441–450.
6. Nguyen, D.L.; Wimberley, C.; Truillet, C.; Jego, B.; Caillé, F.; Pottier, G.; Boisgard, R.; Buvat, I.; Bouilleret, V. Longitudinal positron

emission tomography imaging of glial cell activation in a mouse model of mesial temporal lobe epilepsy: Toward identification of
optimal treatment windows. Epilepsia 2018, 59, 1234–1244. [CrossRef] [PubMed]

7. Pannell, M.; Economopoulos, V.; Wilson, T.C.; Kersemans, V.; Isenegger, P.G.; Larkin, J.R.; Smart, S.; Gilchrist, S.; Gouverneur, V.;
Sibson, N.R. Imaging of translocator protein upregulation is selective for pro-inflammatory polarized astrocytes and microglia.
Glia 2020, 68, 280–297. [CrossRef]

8. Hanzel, C.E.; Pichet-Binette, A.; Pimentel, L.S.; Iulita, M.F.; Allard, S.; Ducatenzeiler, A.; Do Carmo, S.; Cuello, A.C. Neuronal
driven pre-plaque inflammation in a transgenic rat model of Alzheimer’s disease. Neurobiol. Aging 2014, 35, 2249–2262. [CrossRef]

9. Okello, A.; Edison, P.; Archer, H.A.; Turkheimer, F.E.; Kennedy, J.; Bullock, R.; Walker, Z.; Kennedy, A.; Fox, N.; Rossor, M.; et al.
Microglial activation and amyloid deposition in mild cognitive impairment: A PET study. Neurology 2009, 72, 56–62. [CrossRef]

10. Narayanaswami, V.; Dahl, K.; Bernard-Gauthier, V.; Josephson, L.; Cumming, P.; Vasdev, N. Emerging PET Radiotracers and
Targets for Imaging of Neuroinflammation in Neurodegenerative Diseases: Outlook Beyond TSPO. Mol. Imaging 2018, 17,
1536012118792317. [CrossRef]

11. Jain, P.; Chaney, A.M.; Carlson, M.L.; Jackson, I.M.; Rao, A.; James, M.L. Neuroinflammation PET Imaging: Current Opinion and
Future Directions. J. Nucl. Med. 2020, 61, 1107–1112. [CrossRef] [PubMed]

http://doi.org/10.3389/fphar.2019.01008
http://www.ncbi.nlm.nih.gov/pubmed/31572186
http://doi.org/10.3389/fimmu.2021.739130
http://www.ncbi.nlm.nih.gov/pubmed/34603323
http://doi.org/10.1007/s11910-017-0733-2
http://www.ncbi.nlm.nih.gov/pubmed/28283959
http://doi.org/10.1111/cei.13649
http://www.ncbi.nlm.nih.gov/pubmed/34331705
http://doi.org/10.1111/epi.14083
http://www.ncbi.nlm.nih.gov/pubmed/29672844
http://doi.org/10.1002/glia.23716
http://doi.org/10.1016/j.neurobiolaging.2014.03.026
http://doi.org/10.1212/01.wnl.0000338622.27876.0d
http://doi.org/10.1177/1536012118792317
http://doi.org/10.2967/jnumed.119.229443
http://www.ncbi.nlm.nih.gov/pubmed/32620705


Molecules 2022, 27, 8529 12 of 14

12. Janssen, B.; Mach, R.H. Development of brain PET imaging agents: Strategies for imaging neuroinflammation in Alzheimer’s
disease. Prog. Mol. Biol. Transl. Sci. 2019, 165, 371–399. [PubMed]

13. Janssen, B.; Vugts, D.J.; Windhorst, A.D.; Mach, R.H. PET Imaging of Microglial Activation-Beyond Targeting TSPO. Molecules
2018, 23, 607. [CrossRef]

14. Chen, Z.; Haider, A.; Chen, J.; Xiao, Z.; Gobbi, L.; Honer, M.; Grether, U.; Arnold, S.E.; Josephson, L.; Liang, S.H. The Repertoire of
Small-Molecule PET Probes for Neuroinflammation Imaging: Challenges and Opportunities beyond TSPO. J. Med. Chem. 2021,
64, 17656–17689. [CrossRef] [PubMed]

15. Akiyama, H.; Nishimura, T.; Kondo, H.; Ikeda, K.; Hayashi, Y.; McGeer, P.L. Expression of the receptor for macrophage colony
stimulating factor by brain microglia and its upregulation in brains of patients with Alzheimer’s disease and amyotrophic lateral
sclerosis. Brain Res. 1994, 639, 171–174. [CrossRef] [PubMed]

16. Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.; Ruderisch,
N.; et al. An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J.
Neurosci. 2014, 34, 11929–11947. [CrossRef] [PubMed]

17. Bernard-Gauthier, V.; Schirrmacher, R. 5-(4-((4-[18F]Fluorobenzyl)oxy)-3-methoxybenzyl)pyrimidine-2,4-diamine: A selective
dual inhibitor for potential PET imaging of Trk/CSF-1R. Bioorg. Med. Chem. Lett. 2014, 24, 4784–4790. [CrossRef]

18. Horti, A.G.; Naik, R.; Foss, C.A.; Minn, I.; Misheneva, V.; Du, Y.; Wang, Y.; Mathews, W.B.; Wu, Y.; Hall, A.; et al. PET imaging of
microglia by targeting macrophage colony-stimulating factor 1 receptor (CSF1R). Proc. Natl. Acad. Sci. USA 2019, 116, 1686–1691.
[CrossRef] [PubMed]

19. Knight, A.C.; Varlow, C.; Zi, T.; Liang, S.H.; Josephson, L.; Schmidt, K.; Patel, S.; Vasdev, N. In Vitro Evaluation of [3H]CPPC as a
Tool Radioligand for CSF-1R. ACS Chem. Neurosci. 2021, 12, 998–1006. [CrossRef]

20. Lee, H.; Park, J.H.; Kim, H.; Woo, S.K.; Choi, J.Y.; Lee, K.H.; Choe, Y.S. Synthesis and Evaluation of a 18F-Labeled Ligand for PET
Imaging of Colony-Stimulating Factor 1 Receptor. Pharmaceuticals 2022, 15, 276. [CrossRef]

21. Naik, R.; Misheneva, V.; Minn, I.L.; Melnikova, T.; Mathews, W.; Dannals, R.; Pomper, M.; Savonenko, A.; Pletnikov, M.; Horti, A.
PET tracer for imaging the macrophage colony stimulating factor receptor (CSF1R) in rodent brain. J. Nucl. Med. 2018, 59, 547.

22. Tanzey, S.S.; Shao, X.; Stauff, J.; Arteaga, J.; Sherman, P.; Scott, P.J.H.; Mossine, A.V. Synthesis and Initial In Vivo Evaluation of
[11C]AZ683-A Novel PET Radiotracer for Colony Stimulating Factor 1 Receptor (CSF1R). Pharmaceuticals 2018, 11, 136. [CrossRef]
[PubMed]

23. van der Wildt, B.; Nezam, M.; Kooijman, E.J.M.; Reyes, S.T.; Shen, B.; Windhorst, A.D.; Chin, F.T. Evaluation of carbon-11 labeled
5-(1-methyl-1H-pyrazol-4-yl)-N-(2-methyl-5-(3-(trifluoromethyl)benzamido)phenyl)nicotinamide as PET tracer for imaging of
CSF-1R expression in the brain. Bioorg. Med. Chem. 2021, 42, 116245. [CrossRef]

24. Zhou, X.; Ji, B.; Seki, C.; Nagai, Y.; Minamimoto, T.; Fujinaga, M.; Zhang, M.R.; Saito, T.; Saido, T.C.; Suhara, T.; et al. PET imaging
of colony-stimulating factor 1 receptor: A head-to-head comparison of a novel radioligand, 11C-GW2580, and 11C-CPPC, in
mouse models of acute and chronic neuroinflammation and a rhesus monkey. J. Cereb. Blood Flow Metab. 2021, 41, 2410–2422.
[CrossRef] [PubMed]

25. Coughlin, J.M.; Du, Y.; Lesniak, W.G.; Harrington, C.K.; Brosnan, M.K.; O’Toole, R.; Zandi, A.; Sweeney, S.E.; Abdallah, R.; Wu, Y.;
et al. First-in-human use of (11)C-CPPC with positron emission tomography for imaging the macrophage colony-stimulating
factor 1 receptor. EJNMMI Res. 2022, 12, 64. [CrossRef]

26. Beaino, W.; Janssen, B.; Kooij, G.; van der Pol, S.M.A.; van Het Hof, B.; van Horssen, J.; Windhorst, A.D.; de Vries, H.E. Purinergic
receptors P2Y12R and P2X7R: Potential targets for PET imaging of microglia phenotypes in multiple sclerosis. J. Neuroinflammation
2017, 14, 259. [CrossRef]

27. Berdyyeva, T.; Xia, C.; Taylor, N.; He, Y.; Chen, G.; Huang, C.; Zhang, W.; Kolb, H.; Letavic, M.; Bhattacharya, A.; et al. PET
Imaging of the P2X7 Ion Channel with a Novel Tracer [18F]JNJ-64413739 in a Rat Model of Neuroinflammation. Mol. Imaging Biol.
2019, 21, 871–878. [CrossRef]

28. Han, J.; Liu, H.; Liu, C.; Jin, H.; Perlmutter, J.S.; Egan, T.M.; Tu, Z. Pharmacologic characterizations of a P2X7 receptor-specific
radioligand, [11C]GSK1482160 for neuroinflammatory response. Nucl. Med. Commun. 2017, 38, 372–382. [CrossRef]

29. Janssen, B.; Vugts, D.J.; Wilkinson, S.M.; Ory, D.; Chalon, S.; Hoozemans, J.J.M.; Schuit, R.C.; Beaino, W.; Kooijman, E.J.M.; van
den Hoek, J.; et al. Identification of the allosteric P2X7 receptor antagonist [11C]SMW139 as a PET tracer of microglial activation.
Sci. Rep. 2018, 8, 6580. [CrossRef]

30. Koole, M.; Schmidt, M.E.; Hijzen, A.; Ravenstijn, P.; Vandermeulen, C.; Van Weehaeghe, D.; Serdons, K.; Celen, S.; Bormans, G.;
Ceusters, M.; et al. 18F-JNJ-64413739, a Novel PET Ligand for the P2X7 Ion Channel: Radiation Dosimetry, Kinetic Modeling,
Test-Retest Variability, and Occupancy of the P2X7 Antagonist JNJ-54175446. J. Nucl. Med. 2019, 60, 683–690. [CrossRef]

31. Territo, P.R.; Meyer, J.A.; Peters, J.S.; Riley, A.A.; McCarthy, B.P.; Gao, M.; Wang, M.; Green, M.A.; Zheng, Q.H.; Hutchins, G.D.
Characterization of 11C-GSK1482160 for Targeting the P2X7 Receptor as a Biomarker for Neuroinflammation. J. Nucl. Med. 2017,
58, 458–465. [CrossRef] [PubMed]

32. Van Weehaeghe, D.; Van Schoor, E.; De Vocht, J.; Koole, M.; Attili, B.; Celen, S.; Declercq, L.; Thal, D.R.; Van Damme, P.; Bormans,
G.; et al. TSPO Versus P2X7 as a Target for Neuroinflammation: An In Vitro and In Vivo Study. J. Nucl. Med. 2020, 61, 604–607.
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/31481170
http://doi.org/10.3390/molecules23030607
http://doi.org/10.1021/acs.jmedchem.1c01571
http://www.ncbi.nlm.nih.gov/pubmed/34905377
http://doi.org/10.1016/0006-8993(94)91779-5
http://www.ncbi.nlm.nih.gov/pubmed/7514086
http://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25186741
http://doi.org/10.1016/j.bmcl.2014.09.014
http://doi.org/10.1073/pnas.1812155116
http://www.ncbi.nlm.nih.gov/pubmed/30635412
http://doi.org/10.1021/acschemneuro.0c00802
http://doi.org/10.3390/ph15030276
http://doi.org/10.3390/ph11040136
http://www.ncbi.nlm.nih.gov/pubmed/30551596
http://doi.org/10.1016/j.bmc.2021.116245
http://doi.org/10.1177/0271678X211004146
http://www.ncbi.nlm.nih.gov/pubmed/33757319
http://doi.org/10.1186/s13550-022-00929-4
http://doi.org/10.1186/s12974-017-1034-z
http://doi.org/10.1007/s11307-018-01313-2
http://doi.org/10.1097/MNM.0000000000000660
http://doi.org/10.1038/s41598-018-24814-0
http://doi.org/10.2967/jnumed.118.216747
http://doi.org/10.2967/jnumed.116.181354
http://www.ncbi.nlm.nih.gov/pubmed/27765863
http://doi.org/10.2967/jnumed.119.231985


Molecules 2022, 27, 8529 13 of 14

33. Maeda, J.; Minamihisamatsu, T.; Shimojo, M.; Zhou, X.; Ono, M.; Matsuba, Y.; Ji, B.; Ishii, H.; Ogawa, M.; Akatsu, H.; et al. Distinct
microglial response against Alzheimer’s amyloid and tau pathologies characterized by P2Y12 receptor. Brain Commun. 2021, 3,
fcab011. [CrossRef] [PubMed]

34. van der Wildt, B.; Janssen, B.; Pekošak, A.; Stéen, E.J.L.; Schuit, R.C.; Kooijman, E.J.M.; Beaino, W.; Vugts, D.J.; Windhorst, A.D.
Novel Thienopyrimidine-Based PET Tracers for P2Y12 Receptor Imaging in the Brain. ACS Chem. Neurosci. 2021, 12, 4465–4474.
[CrossRef] [PubMed]

35. Villa, A.; Klein, B.; Janssen, B.; Pedragosa, J.; Pepe, G.; Zinnhardt, B.; Vugts, D.J.; Gelosa, P.; Sironi, L.; Beaino, W.; et al.
Identification of new molecular targets for PET imaging of the microglial anti-inflammatory activation state. Theranostics 2018, 8,
5400–5418. [CrossRef] [PubMed]

36. Manolescu, A.R.; Witkowska, K.; Kinnaird, A.; Cessford, T.; Cheeseman, C. Facilitated hexose transporters: New perspectives on
form and function. Physiology (Bethesda) 2007, 22, 234–240. [CrossRef] [PubMed]

37. Horikoshi, Y.; Sasaki, A.; Taguchi, N.; Maeda, M.; Tsukagoshi, H.; Sato, K.; Yamaguchi, H. Human GLUT5 immunolabeling is
useful for evaluating microglial status in neuropathological study using paraffin sections. Acta Neuropathol. 2003, 105, 157–162.
[CrossRef]

38. Izumi, Y.; Zorumski, C.F. Glial-neuronal interactions underlying fructose utilization in rat hippocampal slices. Neuroscience 2009,
161, 847–854. [CrossRef]

39. Payne, J.; Maher, F.; Simpson, I.; Mattice, L.; Davies, P. Glucose transporter Glut 5 expression in microglial cells. Glia 1997, 21,
327–331. [CrossRef]

40. Johnson, R.J.; Gomez-Pinilla, F.; Nagel, M.; Nakagawa, T.; Rodriguez-Iturbe, B.; Sanchez-Lozada, L.G.; Tolan, D.R.; Lanaspa, M.A.
Cerebral Fructose Metabolism as a Potential Mechanism Driving Alzheimer’s Disease. Front. Aging Neurosci. 2020, 12, 560865.
[CrossRef]

41. Oppelt, S.A.; Zhang, W.; Tolan, D.R. Specific regions of the brain are capable of fructose metabolism. Brain Res. 2017, 1657,
312–322. [CrossRef]

42. Wuest, M.; Trayner, B.J.; Grant, T.N.; Jans, H.S.; Mercer, J.R.; Murray, D.; West, F.G.; McEwan, A.J.; Wuest, F.; Cheeseman, C.I.
Radiopharmacological evaluation of 6-deoxy-6-[18F]fluoro-D-fructose as a radiotracer for PET imaging of GLUT5 in breast cancer.
Nucl. Med. Biol. 2011, 38, 461–475. [CrossRef] [PubMed]

43. Hamann, I.; Krys, D.; Glubrecht, D.; Bouvet, V.; Marshall, A.; Vos, L.; Mackey, J.R.; Wuest, M.; Wuest, F. Expression and function
of hexose transporters GLUT1, GLUT2, and GLUT5 in breast cancer-effects of hypoxia. FASEB J. 2018, 32, 5104–5118. [CrossRef]
[PubMed]

44. Wuest, M.; Hamann, I.; Bouvet, V.; Glubrecht, D.; Marshall, A.; Trayner, B.; Soueidan, O.M.; Krys, D.; Wagner, M.; Cheeseman, C.;
et al. Molecular Imaging of GLUT1 and GLUT5 in Breast Cancer: A Multitracer Positron Emission Tomography Imaging Study in
Mice. Mol. Pharmacol. 2018, 93, 79–89. [CrossRef] [PubMed]

45. Bouter, C.; Henniges, P.; Franke, T.N.; Irwin, C.; Sahlmann, C.O.; Sichler, M.E.; Beindorff, N.; Bayer, T.A.; Bouter, Y. 18F-FDG-PET
Detects Drastic Changes in Brain Metabolism in the Tg4–42 Model of Alzheimer’s Disease. Front. Aging Neurosci. 2019, 10, 425.
[CrossRef] [PubMed]

46. Kato, T.; Inui, Y.; Nakamura, A.; Ito, K. Brain fluorodeoxyglucose (FDG) PET in dementia. Ageing Res. Rev. 2016, 30, 73–84.
[CrossRef] [PubMed]

47. Marcus, C.; Mena, E.; Subramaniam, R.M. Brain PET in the diagnosis of Alzheimer’s disease. Clin. Nucl. Med. 2014, 39, e413–e426.
[CrossRef]

48. Narayanaswami, V.; Tong, J.; Schifani, C.; Bloomfield, P.M.; Dahl, K.; Vasdev, N. Preclinical Evaluation of TSPO and MAO-B PET
Radiotracers in an LPS Model of Neuroinflammation. PET Clin. 2021, 16, 233–247. [CrossRef]

49. Bouvet, V.; Jans, H.S.; Wuest, M.; Soueidan, O.M.; Mercer, J.; McEwan, A.J.; West, F.G.; Cheeseman, C.I.; Wuest, F. Automated
synthesis and dosimetry of 6-deoxy-6-[18F]fluoro-D-fructose (6-[18F]FDF): A radiotracer for imaging of GLUT5 in breast cancer.
Am. J. Nucl. Med. Mol. Imaging 2014, 4, 248–259.

50. Lammertsma, A.A.; Hume, S.P. Simplified reference tissue model for PET receptor studies. Neuroimage 1996, 4, 153–158. [CrossRef]
51. Owen, D.R.; Yeo, A.J.; Gunn, R.N.; Song, K.; Wadsworth, G.; Lewis, A.; Rhodes, C.; Pulford, D.J.; Bennacef, I.; Parker, C.A.; et al.

An 18-kDa translocator protein (TSPO) polymorphism explains differences in binding affinity of the PET radioligand PBR28. J.
Cereb. Blood Flow Metab. 2012, 32, 1–5. [CrossRef] [PubMed]

52. Kitamura, O.; Takeichi, T.; Wang, E.L.; Tokunaga, I.; Ishigami, A.; Kubo, S. Microglial and astrocytic changes in the striatum of
methamphetamine abusers. Leg. Med. (Tokyo) 2010, 12, 57–62. [CrossRef] [PubMed]

53. Choi, D.Y.; Liu, M.; Hunter, R.L.; Cass, W.A.; Pandya, J.D.; Sullivan, P.G.; Shin, E.J.; Kim, H.C.; Gash, D.M.; Bing, G. Striatal
neuroinflammation promotes Parkinsonism in rats. PLoS ONE 2009, 4, e5482. [CrossRef]

54. Concannon, R.M.; Okine, B.N.; Finn, D.P.; Dowd, E. Differential upregulation of the cannabinoid CB2 receptor in neurotoxic and
inflammation-driven rat models of Parkinson’s disease. Exp. Neurol. 2015, 269, 133–141. [CrossRef] [PubMed]

55. Herrera, A.J.; Castaño, A.; Venero, J.L.; Cano, J.; Machado, A. The single intranigral injection of LPS as a new model for studying
the selective effects of inflammatory reactions on dopaminergic system. Neurobiol. Dis. 2000, 7, 429–447. [CrossRef] [PubMed]

56. Stern, E.L.; Quan, N.; Proescholdt, M.G.; Herkenham, M. Spatiotemporal induction patterns of cytokine and related immune signal
molecule mRNAs in response to intrastriatal injection of lipopolysaccharide. J. Neuroimmunol. 2000, 109, 245–260. [CrossRef]
[PubMed]

http://doi.org/10.1093/braincomms/fcab011
http://www.ncbi.nlm.nih.gov/pubmed/33644757
http://doi.org/10.1021/acschemneuro.1c00641
http://www.ncbi.nlm.nih.gov/pubmed/34757711
http://doi.org/10.7150/thno.25572
http://www.ncbi.nlm.nih.gov/pubmed/30555554
http://doi.org/10.1152/physiol.00011.2007
http://www.ncbi.nlm.nih.gov/pubmed/17699876
http://doi.org/10.1007/s00401-002-0627-4
http://doi.org/10.1016/j.neuroscience.2009.04.008
http://doi.org/10.1002/(SICI)1098-1136(199711)21:3&lt;327::AID-GLIA7&gt;3.0.CO;2-1
http://doi.org/10.3389/fnagi.2020.560865
http://doi.org/10.1016/j.brainres.2016.12.022
http://doi.org/10.1016/j.nucmedbio.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21531283
http://doi.org/10.1096/fj.201800360R
http://www.ncbi.nlm.nih.gov/pubmed/29913554
http://doi.org/10.1124/mol.117.110007
http://www.ncbi.nlm.nih.gov/pubmed/29142019
http://doi.org/10.3389/fnagi.2018.00425
http://www.ncbi.nlm.nih.gov/pubmed/30670962
http://doi.org/10.1016/j.arr.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26876244
http://doi.org/10.1097/RLU.0000000000000547
http://doi.org/10.1016/j.cpet.2020.12.003
http://doi.org/10.1006/nimg.1996.0066
http://doi.org/10.1038/jcbfm.2011.147
http://www.ncbi.nlm.nih.gov/pubmed/22008728
http://doi.org/10.1016/j.legalmed.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/20110187
http://doi.org/10.1371/journal.pone.0005482
http://doi.org/10.1016/j.expneurol.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25895887
http://doi.org/10.1006/nbdi.2000.0289
http://www.ncbi.nlm.nih.gov/pubmed/10964613
http://doi.org/10.1016/S0165-5728(00)00318-0
http://www.ncbi.nlm.nih.gov/pubmed/10996227


Molecules 2022, 27, 8529 14 of 14

57. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]
[PubMed]

58. Han, J.; Fan, Y.; Zhou, K.; Blomgren, K.; Harris, R.A. Uncovering sex differences of rodent microglia. J. Neuroinflammation 2021, 18,
74. [CrossRef]

59. Lenz, K.M.; McCarthy, M.M. A starring role for microglia in brain sex differences. Neuroscientist 2015, 21, 306–321. [CrossRef]
60. Loram, L.C.; Sholar, P.W.; Taylor, F.R.; Wiesler, J.L.; Babb, J.A.; Strand, K.A.; Berkelhammer, D.; Day, H.E.W.; Maier, S.F.; Watkins,

L.R. Sex and estradiol influence glial pro-inflammatory responses to lipopolysaccharide in rats. Psychoneuroendocrinology 2012, 37,
1688–1699. [CrossRef]

61. Schwarz, J.M.; Sholar, P.W.; Bilbo, S.D. Sex differences in microglial colonization of the developing rat brain. J. Neurochem. 2012,
120, 948–963. [CrossRef] [PubMed]

62. Biechele, G.; Franzmeier, N.; Blume, T.; Ewers, M.; Luque, J.M.; Eckenweber, F.; Sacher, C.; Beyer, L.; Ruch-Rubinstein, F.;
Lindner, S.; et al. Glial activation is moderated by sex in response to amyloidosis but not to tau pathology in mouse models of
neurodegenerative diseases. J. Neuroinflammation 2020, 17, 374. [CrossRef] [PubMed]

63. Tuisku, J.; Plavén-Sigray, P.; Gaiser, E.C.; Airas, L.; Al-Abdulrasul, H.; Brück, A.; Carson, R.E.; Chen, M.K.; Cosgrove, K.P.; Ekblad,
L.; et al. Effects of age, BMI and sex on the glial cell marker TSPO—A multicentre [11C]PBR28 HRRT PET study. Eur. J. Nucl. Med.
Mol. Imaging 2019, 46, 2329–2338. [CrossRef] [PubMed]

64. Ayubcha, C.; Revheim, M.E.; Newberg, A.; Moghbel, M.; Rojulpote, C.; Werner, T.J.; Alavi, A. A critical review of radiotracers in
the positron emission tomography imaging of traumatic brain injury: FDG, tau, and amyloid imaging in mild traumatic brain
injury and chronic traumatic encephalopathy. Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 623–641. [CrossRef] [PubMed]

65. Backes, H.; Walberer, M.; Ladwig, A.; Rueger, M.A.; Neumaier, B.; Endepols, H.; Hoehn, M.; Fink, G.R.; Schroeter, M.; Graf, R.
Glucose consumption of inflammatory cells masks metabolic deficits in the brain. Neuroimage 2016, 128, 54–62. [CrossRef]

66. Sijbesma, J.W.A.; van Waarde, A.; Vallez Garcia, D.; Boersma, H.H.; Slart, R.; Dierckx, R.; Doorduin, J. Test-Retest Stability of
Cerebral 2-Deoxy-2-[(18)F]Fluoro-D-Glucose ([(18)F]FDG) Positron Emission Tomography (PET) in Male and Female Rats. Mol.
Imaging Biol. 2019, 21, 240–248. [CrossRef]

67. Orihuela, R.; McPherson, C.A.; Harry, G.J. Microglial M1/M2 polarization and metabolic states. Br. J. Pharmacol. 2016, 173,
649–665. [CrossRef]

68. Jassam, Y.N.; Izzy, S.; Whalen, M.; McGavern, D.B.; El Khoury, J. Neuroimmunology of Traumatic Brain Injury: Time for a
Paradigm Shift. Neuron 2017, 95, 1246–1265. [CrossRef]

69. Ransohoff, R.M. A polarizing question: Do M1 and M2 microglia exist? Nat. Neurosci. 2016, 19, 987–991. [CrossRef]
70. Hernandez-Baltazar, D.; Nadella, R.; Barrientos Bonilla, A.; Flores Martinez, Y.; Olguin, A.; Heman Bozadas, P.; Rovirosa

Hernandez, M.; Cibrian Llanderal, I. Does lipopolysaccharide-based neuroinflammation induce microglia polarization? Folia
Neuropathol. 2020, 58, 113–122. [CrossRef]

71. BÜTtner-Ennever, J. The Rat Brain in Stereotaxic Coordinates, 3rd edn. J. Anat. 1997, 191, 315–317. [CrossRef]
72. Defrise, M.; Kinahan, P.E.; Townsend, D.W.; Michel, C.; Sibomana, M.; Newport, D.F. Exact and approximate rebinning algorithms

for 3-D PET data. IEEE Trans. Med. Imaging 1997, 16, 145–158. [CrossRef] [PubMed]
73. Schwarz, A.J.; Danckaert, A.; Reese, T.; Gozzi, A.; Paxinos, G.; Watson, C.; Merlo-Pich, E.V.; Bifone, A. A stereotaxic MRI template

set for the rat brain with tissue class distribution maps and co-registered anatomical atlas: Application to pharmacological MRI.
Neuroimage 2006, 32, 538–550. [CrossRef] [PubMed]

http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414
http://doi.org/10.1186/s12974-021-02124-z
http://doi.org/10.1177/1073858414536468
http://doi.org/10.1016/j.psyneuen.2012.02.018
http://doi.org/10.1111/j.1471-4159.2011.07630.x
http://www.ncbi.nlm.nih.gov/pubmed/22182318
http://doi.org/10.1186/s12974-020-02046-2
http://www.ncbi.nlm.nih.gov/pubmed/33317543
http://doi.org/10.1007/s00259-019-04403-7
http://www.ncbi.nlm.nih.gov/pubmed/31363804
http://doi.org/10.1007/s00259-020-04926-4
http://www.ncbi.nlm.nih.gov/pubmed/32696090
http://doi.org/10.1016/j.neuroimage.2015.12.044
http://doi.org/10.1007/s11307-018-1245-4
http://doi.org/10.1111/bph.13139
http://doi.org/10.1016/j.neuron.2017.07.010
http://doi.org/10.1038/nn.4338
http://doi.org/10.5114/fn.2020.96755
http://doi.org/10.1017/S0021878297232310
http://doi.org/10.1109/42.563660
http://www.ncbi.nlm.nih.gov/pubmed/9101324
http://doi.org/10.1016/j.neuroimage.2006.04.214
http://www.ncbi.nlm.nih.gov/pubmed/16784876

	Introduction 
	Results 
	Early Increase in 6-[18F]FDF Uptake in LPS-Injected Striatum 
	Increased [18F]FDG Uptake in LPS-Injected Striatum after One Week 
	Immunohistochemistry 

	Discussion 
	Materials and Methods 
	Radiochemical Synthesis 
	Lipopolysaccharide Rat Models of Neuroinflammation 
	Dynamic PET/MR and PET/CT Acquisition 
	PET Data Analysis 
	Immunohistochemistry 
	Statistical Analysis 

	Conclusions 
	References

