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Abstract

Purpose The aim of the present study was to determine the expression levels of mGIuRS in different mouse strains after induction
of neuroinflammation by lipopolysaccharide (LPS) challenge and in the brains of patients with Alzheimer’s disease (AD) and
amyotrophic lateral sclerosis (ALS) post mortem to investigate mGIluRS5 expression in human neurodegenerative diseases.
Methods C57BL/6 and CD1 mice were injected intraperitoneally with either 10 mg/kg LPS or saline. mGluRS and TSPO
mRNA levels were measured after 1 and 5 days by qPCR, and mGIuRS5 protein levels were determined by PET imaging with
the mGluR5-specific radiotracer ['*F]PSS232. mGluR5 expression was evaluated in the post-mortem brain slices from AD and
ALS patients using in vitro autoradiography.

Results mGluR5 and TSPO mRNA levels were increased in brains of C57BL/6 and CD1 mice 1 day after LPS treatment and
remained significantly increased after 5 days in C57BL/6 mice but not in CD1 mice. Brain PET imaging with ['*F]PSS232
confirmed increased mGluR5 levels in the brains of both mouse strains 1 day after LPS treatment. After 5 days, mGIuRS levels in
CDI mice declined to the levels in vehicle-treated mice but remained high in C57BL/6 mice. Autoradiograms revealed a
severalfold higher binding of ['*F]PSS232 in post-mortem brain slices from AD and ALS patients compared with the binding
in control brains.

Conclusion LPS-induced neuroinflammation increased mGIluRS5 levels in mouse brain and is dependent on the mouse strain and
time after LPS treatment. mGluRS levels were also increased in human AD and ALS brains in vitro. PET imaging of mGIuR5
levels could potentially be used to diagnose and monitor therapy outcomes in patients with AD and ALS.

Keywords Metabotropic glutamate receptor subtype 5 - ['®F]PSS232 - Positron emission tomography - Neuroinflammation -
Neurodegenerative disease - Lipopolysaccharide

Introduction Alzheimer’s disease (AD), amyotrophic lateral sclerosis
(ALS), Parkinson’s disease, Huntington’s disease and multi-
Neurodegeneration is marked by slow and progressive dys-  ple sclerosis [1]. Despite different triggering events, a com-

function that leads to a loss of neurons and axons in the central mon feature is chronic immune activation, in particular of
nervous system, and is the primary pathological feature of ~ microglia, the resident macrophages of the central nervous
acute and chronic neurodegenerative diseases such as  system [2]. Brain tissue in patients with neurodegenerative
disease is characterized by activation of microglia, marked
astrocytosis and measurably elevated levels of inflammatory
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simon.ametamey @pharma.ethz ch companied by inflammation are a major risk factor for neuro-
inflammation and lead to the development of neurodegenera-

' Center for Radiopharmaceutical Sciences of ETH, PSI, and USZ,

Department of Chemistry and Applied Biosciences of ETH, tive diseases [3].
8093 Zurich, Switzerland A commonly used model is the peripheral injection of li-
2 Neuromuscular Diseases Unit/ALS Clinic, Kantonsspital St. Gallen, popolysaccharides (LPS) that represents the current standard

9007 St. Gallen, Switzerland paradigm for the study of neuroinflammation both in vivo and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00259-018-4179-9&domain=pdf
http://orcid.org/0000-0003-4285-6731
mailto:simon.ametamey@pharma.ethz.ch

408

Eur J Nucl Med Mol Imaging (2019) 46:407-420

in vitro [4]. The endotoxin of gram-negative bacterial cell
walls contains LPS as its principal inflammatory constituent.
LPS induces a variety of central effects mediated by proin-
flammatory cytokines released mainly from microglia [5].
Although it is accepted that cytokines released in the periph-
ery do not diffuse across the blood—brain barrier (BBB), they
may transfer their signal to the brain. Numerous studies in
animals, especially mice and rats, have demonstrated that
LPS is able to stimulate from the periphery the synthesis of
proinflammatory cytokines in the brain [6]. During an inflam-
matory response in the brain, activation of microglia leads to
retraction of their processes and swelling of their cell bodies.
This in turn may induce neuronal damage, disruption of rele-
vant circuits, chronic neuroinflammation and functional de-
cline. Under normal conditions, very little peripheral LPS en-
ters the brain due to poor passage through the BBB [7]. Thus,
LPS-induced neuroinflammation is probably an indirect
effect.

In an effort to understand how inflammation is transferred
from the periphery to the brain, Qin et al. administered TNFo
peripherally to mice and found that both TNFx and LPS ad-
ministration increased the expression of brain proinflammato-
ry factors (e.g. TNFa, MCP-1, IL-13) in a similar pattern [8].
Numerous other studies in mice with LPS have shown in-
creases in the numbers of cells with F4/80, CD11, CD45 or
Iba-1 positivity and morphological changes of microglia after
a single or multiple peripheral treatments [8—10]. An increase
in the expression of translocator protein (TSPO; also known as
peripheral benzodiazepine receptor, PBR), which is present on
the mitochondria of activated microglia, astroglia and macro-
phages, is also associated with neuroinflammation [11]. This
supports the premise that inflammation is both an initiating
stimulus and a self-perpetuating mechanism of progressive
neurodegeneration.

As well as the excessive amount of inflammatory cyto-
kines, it is also well known that neurotransmitters such as
glutamate are abundantly present [12]. They lead to
excitotoxicity and cell death in response to the activation of
glutamate receptors as reported in several pathologies includ-
ing the above neurodegenerative diseases. The widely distrib-
uted metabotropic glutamate receptor subtype 5 (mGluRS5)
plays a role in many critical neuronal processes including
synapse formation [13], long-term depression, glial-neuronal
interaction and neuroinflammation [14]. mGluRS is a seven
transmembrane spanning G protein-coupled receptor located
in the postsynaptic membrane of excitatory synapses [15] in
neuronal cell membranes [16] and in non-neuronal cells such
as glial cells [17] and oligodendrocytes [18]. In vivo, a link
between inflammation and mGIluR5 modulation has been
found, especially under pathological conditions such as neu-
ropathic pain, ALS, epilepsy, and multiple sclerosis [12].

The aim of this study was to elucidate the effects of
systemic LPS exposure on the availability of mGIluRS in
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the mouse brain. We used our mGluR5-specific radiotracer
['®*F]PSS232 [19] to follow mGluR5 expression using
in vivo positron emission tomography (PET). Due to the
reported different susceptibilities of mouse strains to LPS
challenge, we used two different mouse strains, that is the
inbred strain C57BL/6 and the outbred strain CDI.
Another important point to consider when measuring
neuroinflammatory effects is the time after LPS adminis-
tration. We chose two different time points after LPS chal-
lenge to investigate the changes in mGIuRS expression. To
highlight the importance of mGIuRS in neurodegenerative
diseases and also to show the clinical relevance of mGIluRS
imaging, we performed autoradiography studies on brain
tissues from AD and ALS patients post mortem and com-
pared them to control samples.

Materials and methods
Animals

The animal studies were approved by the Veterinary Office of
Canton Zurich, Switzerland, and carried out according to the
‘Guide to the Care and Use of Experimental Animals’ of Swiss
legislation on animal welfare. Male C57BL/6NCrl and
Crl:CDI(ICR) mice at 8 weeks of age were purchased from
Charles River (Sulzfeld, Germany). Their body weights at the
time of the experiments were between 22 and 27 g. They were
kept in a temperature-controlled room (21 °C) under a 12-h
light/12-h dark cycle with access to food and water ad libitum.

Drug treatment

Mice received a single intraperitoneal injection of 10 mg/kg
LPS (strain E. coli 055:B5, L2880; Sigma, St. Louis, MO,
USA) or vehicle (0.9% NaCl solution). For quantitative RT-
PCR, mice were killed without any treatment (reference, n =
3), 1 day after vehicle injection (n = 3) or LPS injection (n = 3),
and 5 days after vehicle injection (n = 3) or LPS injection (n =
3). PET scans were performed 2024 h (referred to as 1 day)
aftervehicleinjection (n = 4)orLPS (n = 4) injection, and 5 days
after vehicle injection (n =4) or LPS injection (n = 4).

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

For total RNA isolation mouse whole brains were disrupted
and homogenized using the Isol-RNA lysis reagent (5
PRIME, Gaithersburg, MD, USA) and the bead-milling
TissueLyser system (Qiagen, Hilden, Germany). RNA
clean-up was performed using on-column DNase digestion
with the RNase-free DNase set (Qiagen). The purity and con-
centration of the extracted total RNA were tested using a
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NanoDrop 1000 spectrometer (Thermo Fisher Scientific,
Runcorn, UK). QuantiTect® reverse transcription kit
(Qiagen) was used to generate cDNA. The qPCR analysis
of selected genes was performed with the DyNAmo Flash
SYBR® Green qPCR kit (Thermo Fisher Scientific) using
a 7900 HT fast real-time PCR system (Applied Biosystems,
Carlsbad, CA, USA). Mouse primer sequences were as fol-
lows: mouse f-actin (Actb) forward 5'-AGAC
CTCTATGCCAACACAGT-3', reverse 5'-TGCT
AGGAGCCAGAGCAGTAA-3"; mouse mGIuRS (Grm5)
forward 5'-TGTAACTCAAGACCTGAATCTATGG-3', re-
verse 5'-GCTGGGCCAACTGAACTTTA-3'; mouse
translocator protein (7SPO) forward 5'-ACTG
TATTCAGCCATGGGGTA-3', reverse forward 5'-ACCA
TAGCGTCCTCTGTGAAA-3'. Primers were custom-
made oligonucleotides synthesized by Microsynth
(Balgach, Switzerland). All reactions were performed in du-
plicate and in at least two independent runs. Gene expression
data were analysed by normalization against the housekeep-
ing gene B-actin and quantified by the 22" method. The
specificity of the PCR products of each run was determined
and verified using the SDS dissociation curve analysis
feature.

In vivo PET/CT imaging

In vivo PET imaging was performed using ['*F]PSS232
which was first evaluated by our group [19]. In vivo PET/
CT scans were performed using a calibrated Super Argus
scanner (Sedecal, Madrid, Spain). Mice were anaesthetized
with isoflurane (Isocare; Animalcare, York, UK) ata concen-
trationof2% ina 1:1 mixture of oxygen and airand a flow rate
of 0.4 L/min. The total duration of anaesthesia was 75 min
(10 min for induction and placing the animal on the scanner
bed, 60 min PET scan, 5 min CT acquisition). The total dura-
tion of anaesthesia was kept similar and was not changed
between animals or groups. The respiratory rate and body
temperature were controlled during the whole scan period
(SA Instruments, Inc., Stony Brook, NY, USA). Mice were
placed in a prone position and the brain was positioned in the
centre of the field of view. The radioligand was administered
by injection into a tail vein. For blocking experiments, the
mGIluRS5 antagonist 2-((3-methoxy-phenyl)ethynyl)-6-
methylpyridine (MMPEP) was dissolved in a 1:1 solution
of PEG200 in water for injection, and 1 mg/kg was adminis-
tered intravenously 10 s before the radiotracer. PET acquisi-
tion was started 1 min after radiotracer injection, was contin-
ued for 60 min and was followed by a CT scan. Mice were
imaged only once and were killed at the end of a single PET/
CTscan. Table 1 presents the body weights, injection param-
eters and the start times of the PET scan in each group.
Significant differences between groups were found for body
weight and injected radioactivity.

Image reconstruction, analysis and calculation
of distribution volume ratios

PET data were reconstructed in user-defined time frames
(5x2min, 2% 5 min, 1% 10 min, 2 X 15 min) with a voxel
size of 0.3875x0.3875%0.775 mm using a two-
dimensional ordered subsets expectation maximization
(2D-OSEM) algorithm. Random and single correction were
applied but no attenuation correction. Image files were
analysed with PMOD 3.6 software (PMOD Technologies
Ltd., Zurich, Switzerland). PET images were manually
matched to the corresponding CT images, and in a next step
the CT images were manually matched to the rat MRI T2
template (provided with PMOD software). The resulting
transformations were applied to the PET images to obtain
PET images matched to the MRI T2 template. Brain regions
ofiinterest including the striatum, hippocampus, cortex, thal-
amus, midbrain, whole brain and cerebellum were defined
based on the rat MRI T2 template. Standardized uptake
values (SUV) were calculated from the image-derived radio-
activity in becquerels per cubic centimetre of tissue divided
by the radioactivity dose in becquerels per gram body weight,
assuming a tissue density of 1 g/cm’. SUVs were plotted as
time—activity curves (TACs) for the striatum and cerebellum.
Given that hardly any specific binding was found in the cer-
ebellum of the mice, this brain region was used as the refer-
ence region. Distribution volume ratios (DVRs) were calcu-
lated from the areas under the curve (AUCs) as described
recently [20].

Post-mortem human brain tissue

Frozen post-mortem human brain tissue blocks from patients
with late stage ALS (n = 3) and corresponding healthy con-
trols (n =2) were provided with the written consent of the
donors by the Cantonal Hospital St. Gallen, Switzerland.
The University Hospital Alcorcon, Spain and the Victorian
Brain Bank Network, The University of Melbourne,
Australia, provided frozen post-mortem human brain tissue
from patients with severe AD (Alcorcén n =2, Melbourne
n=4) and corresponding healthy controls (Alcorcon n =2;
Melbourne n = 4) with the written consent of the donors.

In vitro autoradiography

In vitro autoradiography with ['®*F]PSS232 was performed
on 10-pum cryosections of human post-mortem ALS and AD
brains. Sections were thawed on ice for 10 min before
preincubation with incubation buffer (30 mM HEPES,
1.2 mM MgCl,, 110 mM NacCl, 2.5 mM CaCl,, 5 mM KCl,
pH 7.4, in 0.1% BSA) at 4 °C for another 10 min. Excess
solution was carefully removed and the slides were incubated
with 1 nM ['®F]PSS232 alone or together with mGluR5
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antagonist MMPEP (1 uM final concentration) in incubation
buffer. After incubation for 40 min at room temperature in a
wet chamber, the slides were washed in ice-cold incubation
buffer for 5 min and twice in washing buffer (30 mM HEPES,
1.2 mM MgCl,, 110 mM NaCl, 2.5 mM CaCl,, 5 mM KCl,
pH 7.4) for 2 min each and dipped twice in distilled water.
Dried slides were exposed to a phosphor imager plate (BAS-
MS 2025; Fuji, Dielsdorf, Switzerland) for 10 min and the
plate was scanned in a BAS-5000 reader (Fuji). Finally, all
sections were stained with haematoxylin (Gill No. 1; Sigma)
and eosin (Eosin Y; Sigma) according to the manufacturer’s
protocols. All stained sections were digitized using a slide
scanner (Pannoramic 250; Sysmex, Horgen, Switzerland)
and analysed using Pannoramic Viewer software. For ALS
brain tissue, three experiments were conducted independent-
ly with two brain slices in each experiment, resulting in six
data points. For AD brain tissue, two experiments were con-
ducted independently with two brain slices in each experi-
ment, resulting in four data points. The number of
photostimulated luminescence events per square millimetre
(mean = SD) corrected for the size of the tissue was
subtracted from the accumulated radioactivity under
blocking conditions (MMPEP) to calculate the specific
binding.

Statistical analysis

Average values are shown as arithmetic means with stan-
dard deviations (SD) or standard errors (SE). Data were
evaluated using GraphPad Prism version 7 (GraphPad, La
Jolla, CA, USA). The distribution of grouped values was
tested for normality using the D’Agostino-Pearson omni-
bus test. For gene expression data, intergroup significance
was tested using one-way ANOVA with Holm-Sidak’s
multiple comparisons test.

In each animal, TSPO and mGIluR5 mRNA expression
levels were measured. TSPO and mGluRS levels in the same
animal were correlated and plotted as single data points
(three animals per group, four groups). Regression func-
tions including R* were calculated including all 12 data
points. The normality test revealed normal distributions.
Parametric analysis was conducted and Pearson’s r
calculated.

The significances of differences in DVR between brain
regions within subjects and between groups (vehicle vs.
LPS) were tested uisng two-way ANOVA with Tukey’s
multicomparison test. For group parameters (see Table 1)
and in vitro autoradiography analysis, the significance of in-
tergroup differences was tested using one-way ANOVA with
Tukey’s multicomparison test. A p value <0.005 was consid-
ered significant.

Results

mGIluR5 and TSPO activation to systemic LPS
administration

To understand the effects of systemic LPS on brain inflamma-
tion, we administered a single peripheral dose of LPS
(10 mg/kg) to male C57BL/6 or CD1 mice. TSPO, which is
primarily localized on glial cells, is associated with the inflam-
matory response and neurodegenerative diseases [21]. In order
to confirm the inflammatory response in the mouse brains in
our experimental setup, we measured TSPO mRNA expres-
sion after LPS or vehicle administration.

In C57BL/6 mice, TSPO mRNA expression was increased
3.6-fold (p <0.0001) 1 day after LPS administration and was
increased 2.3-fold (p < 0.0001) at 5 days (Fig. 1a). There were
statistically significant differences among all groups (refer-
ence, vehicle at 1 and 5 days, and LPS at 1 and 5 days;
Fu3s5=123.3, p<0.0001). In CD1 mice, TSPO mRNA ex-
pression was increased 2.6-fold (p <0.0001) 1 day after LPS
administration and decreased to a 1.5-fold increase
(p<0.0001) at 5 days (Fig. 1b). There were statistically sig-
nificant differences among all groups (reference, vehicle at 1
and 5 days, and LPS at 1 and 5 days; F435,=109.3,
p<0.0001). In C57BL/6 mice, mGluR5 mRNA expression
was increased 3.4-fold (p <0.001) 1 day after LPS adminis-
tration and decreased to a 1.9-fold increase (»p <0.001) at
5 days (Fig. 1c). There were statistically significant differ-
ences among all groups (reference, vehicle at 1 and 5 days,
and LPS at 1 and 5 days; F4, 35)=35.69, p <0.0001). In CD1
mice, mGluR5 mRNA expression increased 1.9-fold
(p<0.001) 1 day after LPS administration, but decreased to
a 1.3-fold increase (p =0.052) after 5 days (Fig. 1d). There
were statistically significant differences among all groups (ref-
erence, vehicle at 1 and 5 days, and LPS at 1 and 5 days; F4,
35 =236.73, p<0.0001).

mGIuRS5 expression was positively associated with TSPO
expression in both mouse strains (Fig. le, f). Low TSPO
levels, e.g. in the vehicle-treated groups, were correlated with
low mGluR5 levels and vice versa. In the C57BL/6 mice, the
regression equation was y=0.87x —0.0242 (R*=0.7205,
Pearson’s r=0.8488). The slope of the regression line was
significantly non-zero (F(; 10)=25.78, p=0.0005). In the
CD1 mice, the regression equation was y =0.5466x + 0.517
(R*=0.9145, Pearson’s 7= 0.9563). The slope of the regres-
sion line was significantly non-zero (F(y,19,)=107,
p<0.0001).

Regional mGluR5 activation in the mouse brain

Figure 2 shows the TACs of ['*F]PSS232 in mGluR5-rich
striatum and cerebellum, which shows negligible mGluRS5
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Fig. 1 Effect of systemic LPS administration on TSPO (a, b) and
mGluR5 (e, d) mRNA expression in the brain of C57BL/6 (a, ¢) and
CD1 (b, d) mice at 1 and 5 days after treatment. TSPO and mGIuRS
mRNA expression was detected by qRT-PCR and is expressed relative
to the reference (untreated mouse brain). Bars represent average values +
standard error (SE). Three animals were used per condition. ﬁp <0.005
and "7p <0.0001 versus reference; **p <0.005 and ****p <0.0001
versus vehicle-treated group for the same day. e, f Correlations between
relative TSPO with mGluRS mRNA expression in C57BL/6 (e) and CD1
(f) mice. Each data point represents one animal. The dashed lines are the
regression lines

levels, 1 and 5 days after LPS or vehicle administration. In
C57BL/6 and CD1 mice, striatal binding of ['*F]PSS232 was
higher in the LPS-treated than in the vehicle-treated mice at
both time points with the exception of CD1 mice 5 days after
LPS administration (Fig. 2). The striatal TACs in the CDI
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mice 5 days after LPS administration were similar to those
in the vehicle-treated mice. Administration of the mGluRS
antagonist MMPEP abolished striatal ['*F]PSS232 binding
in vehicle-treated and LPS-treated mice. The cerebellum
showed low ['*F]PSS232 binding after vehicle and LPS
treatment.

DVRs (as a measure of mGluRS5 density) were calculated
to compare the effects of LPS treatment in selected brain re-
gions in C57BL/6 and CD1 mice (Fig. 3). Compared with
vehicle treatment, LPS treatment led to significantly higher
mGluRS availability 1 day after administration in the striatum
(22%, p <0.0001, and 21%, p < 0.0001, in C57BL/6 and CD1
mice, respectively), hippocampus (24%, p < 0.0001, and 20%,
p<0.0001, respectively), cortex (17%, p =0.0004, and 19%,
p<0.0001, respectively) and whole brain (16%, p =0.0043,
and 13%, p=0.0037, respectively) . mGluRS availability in
the thalamus was significantly higher only in CD1 mice (13%,
p=0.0053). A significant effect between brain regions within
subjects was found in C57BL/6 mice (F(642)=191.8,
»<0.0001) and in CD1 mice (F635)=364.1, p<0.0001).

At 5 days, mGluR5 DVRs remained higher in LPS-treated
than in vehicle-treated C57BL/6 mice, except for the whole
brain. DVR values in C57BL/6 mice 5 days after LPS admin-
istration were significantly increased in the striatum (17%,
p<0.0001), hippocampus (19%, p <0.0001) and cortex
(12%, p=0.0186). On day 5, DVRs of the LPS-treated CD1
mice had decreased to the levels in the vehicle-treated mice.
ANOVA showed a significant effect between brain regions
within subjects in C57BL/6 mice (F(6,42)=210.6,
»<0.0001) and CD1 mice (Fs 35 =55.25, p<0.0001).

To corroborate the region-wise findings, the average voxel-
wise DVR within each group was calculated and the results
plotted as DVR brain maps (Fig. 4). The PET images clearly
demonstrated an increase in DVR 1 day after LPS challenge in
both mouse strains. However, at 5 days after LPS administra-
tion only C57BL/6 mice showed an increase in DVR values.

Regional mGIuR5 activation in the brain of ALS
and AD patients

To determine if mGluRS5 availability is altered in neurodegen-
erative diseases, in which neuroinflammation has been impli-
cated, we examined brain slices from ALS and AD patients
post mortem using in vitro autoradiography. ['*F]PSS232
binding was higher in late stage ALS brains than in non-
ALS control brains (Fig. 5). High mGIuRS5 availability was
seen in the motor cortex (3.3-fold, p <0.0001), frontal cortex
(2.5-fold, p<0.0001) and temporal cortex (4.2-fold,
p<0.0001). The same was observed in the basal ganglia with
3.0-fold higher ['®*F]PSS232 binding in all ALS brains
(» <0.0001). ANOVA showed a nonsignificant effect be-
tween experiments (test-retest; [, 35)=0.6556, p =0.5249).
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Fig. 2 Time-activity curves for
["®F]PSS232 in the striatum
(mGluR5-positive) and cerebel-
lum (mGluR5-negative) in
C57BL/6 and CD1 mice treated
with vehicle (triangles) or LPS
(circles). PET scans were per-
formed 1 and 5 days after vehicle
or LPS administration. Blocking
experiments were performed with
1 mg/kg MMPEP injected shortly
before the radiotracer. The data
points represent the mean stan-
dardized uptake values =+ standard
deviation (four animals per group)

Coincubation with MMPEP reduced ['*F]PSS232 binding in

non-ALS and ALS brains.
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Autoradiography on brain slices from AD patients and

healthy controls post mortem further demonstrated increased
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Fig. 3 Influence of systemic LPS treatment on mGluR5 distribution
volume ratios (DVRs) in different brain regions in C57BL/6 and CD1
mice 1 and 5 days after treatment. The bars represent mean DVRs +

['®F]PSS232 binding in the frontal cortex (5.2-fold,
p<0.0001) and hippocampus (2.5-fold, p < 0.0001) in brains
from patients with severe disease compared with brains from
healthy controls (Fig. 6). Less ['*F]JPSS232 binding in the
cerebellum was expected due to low densities of mGluRS in
this brain region in healthy controls [22]. mGluRS availability
was not significantly different in the cerebellum of AD pa-
tients as ['®F]PSS232 binding was marginally higher (1.2-
fold, p =0.9266) than in controls. ANOVA showed a nonsig-
nificant effect between experiments (test—retest; F(; 5)=
0.0291, p=0.8713).

Discussion
It has been shown that expression of mGIuRS5 is not limited to

neuronal cells, and is profusely increased in glial cells activat-
ed by the inflammatory stimulus from LPS [14, 23]. Glial
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standard deviation (four animals per group). *p <0.005, **p <0.001,
*##¥p < 0.0005, ****p < 0.0001, versus vehicle-treated group

mGluRS5 activation plays a role in triggering communication
between neurons and glial cells [24]. In this context, astrocytic
mGIluRS activation generates sustained calcium oscillations
inside reactive astrocytes which triggers the release of stored
intracellular glutamate, thus enhancing the neuronal excitabil-
ity leading to excitotoxicity followed by neuronal loss.
Microglial mGIuRS activation causes release of proinflamma-
tory cytokines (IL-6, TNFx, INFvy) leading to progressive
neuroinflammation. In neurons and glial cells, mGluR5-
mediated signal transduction involves activation of phospho-
lipase C and protein kinase C (PKC), increased inositol tris-
phosphate, and the release of intracellular calcium [25]. Both
diacylglycerol and calcium are able to activate PKC, which
has a multitude of actions within the cell, including activation
of transcription factors and alteration of potassium channel
activity [26, 27], which in turn may adjust glial responses.
The resulting pathophysiological impairments of glial
mGIuR5 are associated with the development of
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Fig. 4 Brain PET images of
['®F]PSS232 as distribution
volume ratios (DVR) in C57BL/6
and CD1 mice 1 day after vehicle
treatment and 1 and 5 days after
LPS treatment. Axial, sagittal and
coronal DVR images are shown. St
The highest accumulation of
[IXF]P§S232 is seen in the stria- LPS 1 day &
tum, hippocampus and cortex,
particularly after LPS treatment,
and low ['®*F]PSS232 binding in
the cerebellum (St striatum, Hi
hippocampus, Cx cortex, Cb cer-
ebellum). ['*F]PSS232 accumu-
lation is abolished by injection of
the mGluR5 antagonist MMPEP
(1 mg/kg)

Vehicle 1 day .

LPS 5 days

-

Vehicle 1 day @™

LPS 1 day

LPS 5 days

neurodegenerative diseases [21]. The underlying mechanism
is related to decreased glutamate reuptake and suppression of
mGluR5-dependent glial loss. Many of the observations were
made with allosteric modulators including MTEP (3-((2-
methyl-4-thiazolyl)ethynyl)pyridine), MPEP (2-methyl-
6-(phenylethynyl)pyridine) and CDPPB (3-cyano-N-(1,3-
diphenyl-1H-pyrazol-5-yl)benzamide) [28]. These observa-
tions suggest the role of mGIluRS in certain physiological as
well as pathological events along with other receptors, such as
NMDA receptors and ionotropic glutamate receptors.

The present study showed significant changes in mGluRS
availability in an LPS-induced animal model of neuroinflam-
mation. Following a single 10 mg/kg peripheral dose of LPS
to mice, ['*F]PSS232 uptake increased by approximately 17—
24% depending on the brain region, with the highest increases
in the striatum, hippocampus and cortex, brain regions known
to express high levels of mGIuRS. mGIuRS availability in-
creased 1 day after LPS administration in both mouse strains,
C57BL/6 (inbred) and CD1 (outbred). Whereas mGIluR5
availability remained high until 5 days after LPS administra-
tion in the C57BL/6 strain, it declined to control levels in the
CD1 strain. An important point to consider when using this
neuroinflammation model is the mouse strain. We observed, at
least for mGluRS and TSPO, different regulation in the inbred
and outbred strains with longer-lasting mGIluRS and TSPO
mRNA levels in the C57BL/6 inbred strain. It has been

C57BL/6

[*FIPSS232

f‘ﬂ oo

oy ]

Cx
Hi

Cb/

‘Q"ﬁ =)

['®F]PSS232 + MMPEP
Lad

reported that C57BL/6, FVB/NL and BALB/c mice (all in-
bred) are highly susceptible to systemic LPS challenge, while
A/J, C3H/HeJ and 129S1/SvimJ mice (all inbred) are more
resistant [29-31]. To our knowledge, no information is avail-
able in the literature on the susceptibility of outbred strains to
LPS. In this study, a single LPS exposure induced neuroin-
flammation in the brain and initiated self-perpetuating mech-
anisms that persisted for at least 5 days in the inbred strain and
1 day in the outbred strain. CD1 outbred mice are generally
used for genetics, toxicology, pharmacology, and ageing re-
search, whereas C57BL/6 inbred mice are used for transgenic
and knockout model development as well as for obesity and
immunological studies. Outbred mice have more genetic di-
versity and are more robust than inbred mice. On the other
hand, inbred mice are almost genetically identical, which al-
lows easier interpretation of experiments and fewer
deviations.

Our study did not consider the effects of different LPS
doses nor multiple time points after LPS administration on
mGIuR5 and TSPO levels. However, both parameters are cru-
cial for interpretation when neuroinflammatory effects are ex-
pected [32]. We can only speculate that mGIuR5 and/or TSPO
levels might be regulated in a dose-dependent manner. With
respect to timing, we observed a decrease in mGluRS5 (both
mRNA and protein) and TSPO (mRNA) levels, which
returned to baseline levels in CD1 but not in C57BL/6 mice

@ Springer
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«Fig. 5 a In vitro autoradiography of ['*F]PSS232 (1 nM) in brains from
non-ALS patients (control 1 and control 2) and ALS patients (patient 1 to
patient 3) post mortem. Availability of mGluRS is higher in the cortex and
basal ganglia in ALS brains. Nondisplaceable binding was defined by
incubation of replicate slices with 1 nM [*®F]PSS232 and 1 uM
MMPERP. Tissue slices of cortical brain regions and basal ganglia stained
with haematoxylin and eosin (HE) are also shown. b Quantitative auto-
radiography measurement for specific binding of ['*F]PSS232 in the
cortex (Cx) and basal ganglia from three independent experiments with
two tissue slices each (AU arbitrary units, SD standard deviation).
*#%%p <0.0001, non-ALS tissue versus ALS tissue

at 5 days after LPS administration. A follow-up study inves-
tigating later time points or time points between 1 and 5 days
would be beneficial to further elucidate the process of
mGIuR5 regulation.

Peripherally-injected LPS induces a variety of central ef-
fects mediated by numerous factors. The results of previous
studies on proinflammatory cytokines and receptors in the
brain [5, 32] differ considerably possibly because of the con-
trasting methodological aspects of the reported experiments.
The LPS strains used (E. coli, Salmonella), mouse strains
used, age of the mice, site of injection (intraperitoneal,
intrastriatal), doses of LPS administered and time after chal-
lenge could all be contributing factors. Our study did not in-
vestigate all these diverse experimental setups and our conclu-
sions on the regulation of mGIuRS are limited to the setups
described.

The in vitro autoradiography experiments using brain slices
from patients with severe ALS and AD showed increased
availability of mGluRS specifically in the cortex, basal ganglia
and hippocampus, but not in the cerebellum, at least in AD
brains. The measured mGluRS5 levels are valid only for the
disease stage studied (severe, late) and cannot be assumed to
be valid for early stages of ALS and AD or for stages of
neuroinflammation in general (e.g. numbers of CD68-
positive or TSPO-positive cells). Immunohistochemical stain-
ing verifying upregulated mGIuRS levels and correlating them
with, for example, TSPO levels would strengthen the findings
of the in vitro autoradiography. Another limitation was the
low availability of human brain tissue from both early and late
stage disease, which restricted the number of samples avail-
able for evaluation in this study. However, the fact that we
observed threefold to fourfold higher mGIluRS5 levels in the
cortex of ALS brains and fivefold higher levels in the cortex of
AD brains compared with control brains suggests that if the
number of control samples were increased we would still ob-
serve increases in mGIuRS levels in ALS and AD brains.
Nevertheless, our autoradiography experiments confirmed
our observations in the LPS-induced mouse model of neuro-
inflammation. In both cases, we demonstrated higher mGluR5
availability in brain regions that express mGIluRS at basal
levels. In contrast, mGIluRS availability was not affected by

neuroinflammation in brain regions with low mGIuRS levels
such as the cerebellum.

It must be kept in mind that phenomena observed in mice
may not necessarily occur in the same way in humans because
of differences between mouse and human immune systems
[33]. Nevertheless, in this study, neuroinflammation led to
an increase in mGluRS availability in both species. Other pre-
clinical studies in ALS and AD animal models have shown
mGluR5 upregulation in both diseases. A ['*F]FPEB PET
imaging study showed enhanced levels of mGIuRS in an
ALS mouse model expressing the SOD1-G93A gene [34].
Cortical astrocytes derived from rats carrying the human
SODI gene (hSOD19%*) have also been found to show en-
hanced expression of functional mGluRS5 in comparison with
cells from wild-type rats [35]. In the amyloid-3 peptide pa-
thology mouse model tg-ArcSwe, mGIuR5 levels were found
on [''C]ABP688 PET imaging to be higher than in wild-type
mice [36]. However, in the 5XFAD AD mouse model levels
mGluR5 were found on ['*F]FPEB PET imaging to be down-
regulated [37]. In line with our in vitro autoradiography results
showing upregulated mGluRS5 levels in ALS and AD brains, it
has been shown that mGIuR5 expression in ALS brains is
increased in reactive glial cells with regional differences
[38]. Another example is the ability of the amyloid-{3 peptide
to actively interact with mGluRS5, indicating a possible role of
the receptor in neurodegeneration associated with
proteinopathies [28]. Although the pathophysiological rele-
vance of upregulated mGIuRS in reactive astrocytes and glial
cells is unclear, it may represent a critical mechanism for
modulation of glial function and changes in glial-neuronal
communication in the course of neurodegeneration in ALS
as well as in AD.

Besides the excitotoxicity and proinflammatory effects
triggered by mGIuRS, numerous studies have shown that ac-
tivation of mGIuRS5 might lead to reductions in the number of
reactive glial cells, and the amount of brain inflammation and
neurotoxicity [12, 14, 39, 40]. These antiinflammatory prop-
erties are associated with a lower level of brain degeneration
and a reduction in neurological deficits. This led to the hy-
pothesis that glial cells behave differently depending on the
type of stimuli and binding receptor [21].

The neuroprotective effects of downregulation or pharma-
cological blockade of mGluR5 emphasizes the potential of
therapeutic interventions. The strategy of reducing inflamma-
tion in neurodegenerative disease has attracted increasing at-
tention in recent years. Metabotropic glutamate receptor ago-
nists, antagonists, ligands to allosteric sites (synthetic or nat-
ural compounds) are being tested in preclinical models as well
as in clinical trials [41]. Genetic deletion of mGIuRS5 or its
blockade by selective negative allosteric modulators (NAMs,
e.g. MTEP) has been shown to reverse learning and memory
deficits and rescue synapse loss in AD transgenic mice [42,
43]. More recently, the mGluR5-selective NAM, 2-chloro-
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Fig. 6 In vitro mGluR5 autoradiography on human brain tissue from
non-Alzheimer’s disease patients (control 1 to control 6) and
Alzheimer’s disease patients (disease 1 to disease 6) post mortem. a
Non-AD tissue shows moderate [18F]PSSZ32 binding in the cortex, cer-
ebellum and hippocampus. AD tissue shows strong ['*F]PSS232 binding
in the cortex and hippocampus, but moderate binding in the cerebellum
(Cx cortex, Cb cerebellum, Hi hippocampus). Nondisplaceable binding

4-[2-[2,5-dimethyl-1-[4-(trifluoromethoxy)phenyl]imidazol-
4-yllethynyl]pyridine (CTEP), has been shown to improve
cognitive performance and to reduce plaque pathology when
chronically administered to AD transgenic mice [44]. From a
therapeutic standpoint, it is noteworthy that neutral allosteric
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Cerebellum

Hippocampus
O Alzheimer's Disease

was defined by incubation of replicate slices with 1 nM ['*F]PSS232 and
1 uM MMPEDP. Tissue slices stained with haematoxylin and eosin (HE)
show tissue morphology. b Specific binding of ['*F]PSS232 determined
by in vitro autoradiography in two independent experiments with two
tissue slices each (AU arbitrary units, SD standard deviation).
*#¥%p <0.0001, non-AD tissue versus AD tissue

ligands (NALs, e.g. BMS-982423) spare normal mGIuR5 sig-
nalling while reducing the pathological signal generated by
mGluR5-containing receptor complexes [45]. Overall, the
study of mGluRS NALs or partial NAMs is among the most
promising lines of preclinical AD research [41]. Future studies
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are necessary and important to verify whether a therapeutic
effect can be followed by imaging mGluRS.

In conclusion, our study demonstrates that noninvasive
PET imaging using ['*F]PSS232 has the potential to evaluate
mGIuRS availability in neuroinflammation-related diseases.
Since our fluorinated mGIluR5 PET radiotracer has already
been evaluated in healthy volunteers, and exhibits well-
defined kinetics with the possibility of using reference tissue
models [46], it could easily be used in clinical PET imaging
studies in patients with neurodegenerative disorders such as
ALS and AD, and potentially also for therapy monitoring.
Future clinical PET studies will show the utility of mGIuRS5
imaging in neurodegenerative brain diseases.
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