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Abstract

Parental microglial induced neuroinflammation, triggered by bacterial- or viral infections,
can induce neuropsychiatric disorders like schizophrenia and autism to offspring in animal
models. Recent investigations suggest that microglia, the resident immune cells of the
brain, provides a link between neurotransmission, immune cell activation, brain inflamma-
tion and neuronal dysfunction seen with the offspring. Relatively little is known about how
reduction of brain inflammation and restoration of glial function are associated with diminu-
tion of brain degeneration and behavioral deficits in offspring. Increased mGIuR5 expres-
sion and the long-lasting excitotoxic effects of the neurotoxin during brain development are
associated with the glial dysfunctions. We investigated the relationship of mGIuR5 and PBR
and how they regulate glial function and inflammatory processes in mice prenatally exposed
to LPS (120ug/kg, between gestational days 15 and 17), an inflammatory model of a psychi-
atric disorder. Using PET imaging, we showed that pharmacological activation of mGIuR5
during 5 weeks reduced expression of classic inflammation marker PBR in many brain
areas and that this molecular association was not present in LPS-exposed offspring. The
post-mortem analysis revealed that the down regulation of PBR was mediated through acti-
vation of mGIuRS5 in astrocytes. In addition, we demonstrated that this interaction is defec-
tive in a mouse model of the psychiatric deficit offering a novel insight of mMGIuR5
involvement to brain related disorders and PBR related imaging studies. In conclusion,
mGiIuR5 driven glutamatergic activity regulates astrocytic functions associated with PBR
(cholesterol transport, neurosteroidogenesis, glial phenotype) during maturation and could
be associated with neuropsychiatric disorders in offspring.
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Introduction

In recent years, metabotropic glutamate receptor subtype 5 (mGluR5) has been a growing
topic in research for its role in several central and peripheral diseases [1]. Its signaling is
mainly associated to G4/Gy; and activates phospholipase C, resulting in hydrolysis of
phosphoinositides and generation of inositol 1,4,5-triphosphate and diacylglycerol. This typ-
ical pathway leads to calcium mobilization and activation of protein kinase C [2]. The
mGluR5 is found on postsynaptic terminals of neurons and in glial cells [3]. The molecular
pathways associated to neuronal mGlIuR5 and its therapeutic potential in different patholo-
gies such as schizophrenia, anxiety and Parkinson’s disease are largely reviewed in the litera-
ture [4-8].

The expression of mGIuR5 profusely increases in glial cells activated by inflammatory
stimulus [9, 10]. The glial mGIuRS5 activation is known to play a role in gliotransmission trig-
gering the intercellular communication between neurones and glial cells [11]. Pathophysiolog-
ical impairments of glial mGluR5 are associated with the development of behavioral disorders
[12-15]. The underlying mechanism is related to decreased glutamate reuptake and suppres-
sion of mGIuR5 dependent synaptic plasticity leading to enhanced astroglial loss. Transient
up-regulation of mGluRS5 in microglia and astrocyte was observed in different neurodevelop-
mental and neuroinflammatory models and associated with behavioral abnormalities in adult-
hood [12-15]. The activation of mGIuR5 reduces the amount of reactive glial cells, brain
inflammation and neurotoxicity [10, 12, 16, 17]. These anti-inflammatory properties are asso-
ciated with a lower level of brain degeneration and a reduction of behavioral deficits. This led
to hypothesis of the possible underlying interaction between mGluR5, inflammation and glial
function.

Peripheral benzodiazepine receptor (PBR, also called translocator protein (TSPO) 18 kDa)
is a potent target for mGluR5 to modulate glial function. PBR is a small protein primarily
localized in the outer mitochondrial membrane of glial cells (microglia and astrocytes) [18]. It
plays a key role in the transport of cholesterol into mitochondria and in neurosteroidogenesis
[19-21]. Recently, PBR has received attention as a potent inflammatory marker in many ani-
mal models of brain pathology [7, 22-25], since it is expressed in glial cells activated by an
inflammatory process. Moreover, pharmacological activation of PBR decreases the inflamma-
tion in glial cells [26]. The preclinical studies have promoted the development of PBR markers
to image brain inflammation in humans and animals by positron emission tomography (PET)
[27]. In humans, imaging studies targeting PBR have reported a specific increase in the
regions affected in neurodegenerative diseases such as Alzheimer’s [28, 29] and Parkinson’s
disease [30, 31], and in other neurological pathologies like ischemic stroke [32] and multiple
sclerosis [33, 34]. These studies have supported the idea that PBR is a sensor of brain injury or
defect, and the recovery of the brain function can be quantitatively detected by PET imaging
[18, 35].

The aim of this study was to investigate the effect of mGluR5 activity on PBR expression
and astrocyte activation in the mice prenatally exposed to LPS. The LPS was administered into
the mother (dose of 120 ug/Kgi.p.) [36] to induce brain inflammation in the fetus [37]. The
pharmacological effect of mGluR5 modulation was evaluated using adult offspring treated dur-
ing 5 weeks with mGIuR5 agonist (CDPPB, 10mg/kg) or antagonist (MTEP, 3mg/kg). Both of
these drugs are known to cross the blood brain barrier [38, 39] and the used doses are known
to be effective at a behavioral level [5, 40-43]. Finally, the obtained results of mGluR5 and glial
activation in the brain were verified with ex vivo analyses.
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Materials and Methods
Animals

Altogether 30 pregnant C57BL/6 mice were purchased from Charles River Laboratories (Wil-
mington, Massachusetts), handled in our in-house breeding facility and kept in ventilated
cages under standard laboratory conditions. Experimental studies were conducted in 92 pups.
The animal studies were approved by the Subcommittee on Research Animals of Massachu-
setts General Hospital and the Harvard Medical School and carried out by the Guide of the
National Institute of Health for the Care and Use of Laboratory Animals.

Prenatal immune challenges

Bacterial infection was induced in pregnant mice by one intraperitoneal (i.p.) injection of LPS
(E.coli serotype 0111:134, 120 pug/kg/day; 0.05 ml/g; Sigma-Aldrich, Missouri, USA). Equivalent
volume (0.05 ml/g) of sterile saline solution was used for the control treatment. Treatments
were administered during the late stage of gestation, i.e. between GD15 and GD17 (Fig 1). Note
that doses and delivery modes were chosen based on the current literature according to the
known impact in inducing neuroinflammation in foetal brain after one injection within the
same time window as in our studies [13, 37]. This prenatal immune challenge model was cho-
sen for three reasons; first, it produced a transient upregulation of mGluR5 expression during
development [13], confirming a physiological alteration of this receptor by the inflammatory
processes; second, pups prenatally exposed to this treatment showed a delay in the develop-
ment of sensorimotor reflex [13]; and third, psychiatric symptoms (anxiety impairments and
pre-pulse inhibition deficit) in adult offspring were reported in rodents prenatally exposed to
LPS in late pregnancy [14, 37, 44, 45]. The two last points confirm that this prenatal immune
challenge interfere sufficiently with the development process to induce behavioral changes
later.

Drug treatment

Mice received a daily intraperitoneal injection (at 9 am) from the postnatal day 56 (PnD56) to
PnD91 during 5 weeks, see Fig 1. Negative allosteric modulator of mGIuR5, 3-((2-methyl-
4-thiazolyl)ethynyl)pyridine (MTEP), (2 mg/ml, 3 mg/kg animal, Tocris, Cat. No. 2921) and
positive allosteric modulator of mGluRS5, 3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) benza-
mide (CDPPB), (6.66 mg/ml, 10 mg/kg animal, Tocris, Cat. No. 3235) solutions were prepared
with the same dissolving solution (accordingly to manufacturer’s recommendation). Drug
preparation was made so that each animal received equivalent volume (1.5 pl/g animal). Equiv-
alent volume of dissolving solution was used for the control treatment. Fresh solutions were
prepared every 2-3 days and preserved at 4°C. The CDPPB and MTEP doses used in this study
are known to be active at the behavioral and cellular level [5, 40-43]. Since mGluR5 is known
to play a function during the cerebral development and in the adult brain, the treatment was
started in adulthood to exclude the effect of mGluR5 on development and, consequently, limit-
ing the present results to the effect of mGluR5 in mature/adult brain.

PET Ligands and Imaging

PET imaging included studies of mGluR5 using ['*F]FPEB (['*F]fluoro-5-(2-pyridinylethynyl)
benzonitrile) and studies of inflammatory response using ['' CJPBR28 ([''C]peripheral benzo-
diazepine receptor 28) as radiolabeled ligands. For the imaging studies, animals were anesthe-
tized with isoflurane/oxygen (1-1.5% isoflurane at 1 L/min oxygen flow). Catheterization of
tail vein was done for the administration of the radiolabeled ligands. The animal was adjusted
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Gestational Postnatal
day (GD) day (PnD)

GD15-GD17 PnD37-39 PnD42-44 PnD56-91 PnD117-119  PnD125-127 PnD128-130

Dally LPS injection [18F]FPEB [1 1C]PBR28 Dally treatment [18F]FPEB [1 1C]PBR28 Sacrifice for
during 3 days imaging imaging (CDPPB, MTEP imaging imaging post-mortem
(i.p. injection of or control) analysis
120 pg/kg) during 5 weeks

Fig 1. Time lines of the experiments. Pregnant mice received an injection of 120 pg/kg of LPS or an equivalent volume of saline between GD15 to GD17.
Expression of mGIluR5 (PnD37-PnD39) and PBR (PnD42-PnD44) in the brain of the offspring prenatally exposed to LPS or saline were evaluated by PET
imaging. Animals of both groups (LPS or saline) were then exposed to treatment during 5 weeks (from PnD56 to PnD91). Three types of treatments were
tested: CDPPB (10 mg/kg; mGIuR5 agonist), MTEP (3 mg/kg; mGIuR5 antagonist) and control (solvent alone). Finally, the in vivo expression of mGIuR5
(PnD117-119) and PBR (PnD125-127) were re-evaluated after the treatments and the animals were sacrificed a few days after the last imaging session
(PnD128-130) for post-mortem analysis. Abbreviations: GD, gestational day; [''CIPBR28, peripheral benzodiazepine receptor 28; ['®F]FPEB, ['®Flfluoro-5-
(2-pyridinylethynyl)benzonitrile; PnD, postnatal day.>>

doi:10.1371/journal.pone.0142093.g001

into the scanner (Triumph II, Trifoil Imaging Inc). The level of anesthesia and vital signs were
monitored throughout the imaging with the monitoring system of the scanner. For the PET
imaging studies, radiolabeled ligand ([**F]FPEB or [''C]PBR28, 0.2 mCi, specific activity of
1900 mCi/pmol for ['*F]FPEB and 600-1000 mCi/umol for [''C]PBR28) was injected into the
tail vein and dynamic volumetric data were acquired for 60 minutes. After the PET data acqui-
sition, computed tomography (CT) imaging was done to obtain data for attenuation correction
and anatomical information.

PET data were reconstructed with an algorithm based on maximum likelihood estimation
using 30 iterations. CT data was reconstructed with a modified Feldkamp algorithm using
matrix volumes of 512x512x512 and pixel size of 170 pm. The regions of interest including
striatum, frontal cortex, hippocampus, hypothalamus, cerebellum, olfactory bulb and whole
brain were drawn on all coronal and axial levels using co-registered axial, sagittal, and coronal
CT-PET images of the brain. Activity per unit volume, percent activity of the injected dose and
the ligand concentration were calculated.

Kinetic analysis to determine binding potential of ['*F]JFPEB was done using PMOD 3.208
software (PMOD Technologies LTD, Zurich, Switzerland) and reference tissue method with
the cerebellum data as an input function. Since the expression of mGluR5 in cerebellum is min-
imal [46] and the radioactivity emitted by the ['*F]FPEB ligand is similar between cerebellum
and blood after 60 minutes [47], the input function can be processed from the cerebellum data
in calculating regional maps for binding potential. This approach is more reliable than using
only a percent of the injected activity per cm” since the background is removed. Concerning
["'C]PBR28, cerebellum cannot be used as a reference tissue, since inflammation is not brain
area specific. The binding for ['' CJPBR28 was determined as a, percent of the injected activity
per cm’. Binding of the ligand to the receptor is an indication of the activity of the receptor
since the ligand only binds to membranous receptors.

The effect of different postnatal treatments on the binding values of ["®F]FPEB and [''C]
PBR was determined by comparing to the binding values obtained after the control treatment.
Each binding value in different brain areas and different treatments was divided by the average
value obtained of the same brain structure of mice, which received the same prenatal treatment
but a control solution as postnatal treatment (solvent without active compound). Since postna-
tal treatment is the changing factor in this ratio, the value what is significantly different from
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the value of one confirms the effect of the treatment. A significant result over the value of one
means that the postnatal treatment increases the binding potential of the quantified receptor,
whereas if the value is significantly below the value of one, the treatment decreases the binding
potential. This normalization confirms only the variations induced by the postnatal treatments
(agonist or antagonist of mGluR5) and simplifies data presentation.

Tissue preparation

Perfusion was done under deep anesthesia with ketamine (Vetalar, Bioniche, Ontario, Canada)
and xylazine (Bayer, Ontario, Canada) (i.p. injection of 10 and 0.1 mg/kg, respectively). Brains
were extracted and snap frozen on dry ice. The entire right hemisphere was used for western
blot analyses.

Protein extraction and western immunoblotting

For post mortem analyses, 8 volumes of lysis buffer (150 mM NaCl, 10 mM NaH2PO4, 1% Tri-
ton X-100, 0.5% SDS, and 0.5% deoxycholate) containing CompleteTM protease inhibitor
cocktail (Roche, Indianapolis, USA), 10 mg/ml of pepstatin A, 0.1 mM EDTA and phosphatase
inhibitors (1 mM each of sodium vanadate and sodium pyrophosphate, 50 mM sodium fluo-
ride, Sigma- Aldrich, Missouri, USA) were added to frozen brain samples (entire right hemi-
sphere), sonicated (3 x 10 sec), centrifuged at 100,000 g for 20 min at 4°C and the supernatant
was collected.

The protein concentration in the supernatants was determined using a BCA protein assay
kit (Pierce, Illinois, USA) according to manufacturer’s protocol. Equal amounts of protein per
sample were diluted in Laemmli’s loading buffer. The samples were then heated for 5 min at
95°C, before loading to a SDS-PAGE gel. Proteins were transferred onto PVDF membranes
(Millipore, Massachusetts, USA), before blocking in 5% non-fat dry milk and 1% bovine serum
albumin (BSA) in PBS-0.1% Tween20 for 1 hour. Membranes were immunoblotted with
appropriate primary and secondary antibodies followed by chemiluminescence reagents
(Lumiglo Reserve, KPL, Maryland, USA). Band intensities were quantified using a KODAK
Image Station 4000 MM Digital Imaging System (Molecular Imaging Software version 4.0.5{7,
Carestream Health, New York, USA). For this study the following antibodies were used: goat
polyclonal anti-Ibal (ionized calcium binding adaptor molecule-1, cat. number: NB100-2833,
1:500, Novus Biological), mouse monoclonal anti-GFAP (glial fibrillary acidic protein, cat.
number: G3893, 1:10000, Sigma-Aldrich), rabbit polyclonal anti-mGluR5 (cat. number:
AB5675, 1:1000, Millipore), rabbit anti-CD68 (cluster of differentiation 68, cat. number:
16192-1-AP, 1:500, Proteintech) and mouse monoclonal anti-actin (cat. number: G043,
1:5000, abm). Note that specific denaturating conditions were necessary to dissociate the
dimerization of mGluR5 [48, 49]. Consequently, the dimeric form of mGluR5 was quantified,
as previously reported and published [13, 48].

Statistical analyses

Statistical comparisons between groups were performed according to normality of distribution
and variance equivalences between the groups. In cases of equal variance and normal distribu-
tion we used an unpaired Student’s t-test to compare 2 groups (Fig 2, S1 Fig). Nonparametric
Mann-Whitney test was used to compare groups in which the distribution was not confirmed.
When the variance was unequal, groups were compared using a Welch’s correction. For
matched values, paired t-test (parametric) or Wilcoxon matched pairs test (nonparametric)
was performed. When a parameter was normalized to the relevant population, a one-sample t
test (parametric) or Wilcoxon signed-rank test (nonparametric) was used. The effects of
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Fig 2. Effect of aging and different prenatal treatments on mGIuR5 expression investigated with PET imaging using ['®F]JFPEB. PET imaging
revealed a significant increase of ['®F]FPEB binding during maturation (from PnD37-39 to PnD 117-119) in the striatum and the whole brain of the mice
prenatally exposed to saline (A), while in the LPS-exposed offspring the ['8F]FPEB binding increased in the cortex, hippocampus, striatum and the whole
brain during the same maturation period (B). During the adolescence (PnD37-39) we observed a lower binding of ['"®F]JFPEB in the striatum and the whole
brain of the LPS-exposed offspring compared to the saline-treated offspring (C). However, ['®F]FPEB binding was similar in both groups at PnD117-119 (D).
(E) Coronal slices of hippocampal and striatal level of ['®F]FPEB in offspring prenatally exposed to saline or LPS at PnD 37-39 and PnD 117—119. Values
are expressed as mean + SEM. Abbreviations: ['®F]fluoro-5-(2-pyridinylethynyl)benzonitrile; Ctx, cortex; Hip, hippocampus; Hth, hypothalamus; OB,
olfactory bulb; PnD, postnatal day; Str, striatum; W, whole brain. *p < 0.05, **p <0.01 >>

doi:10.1371/journal.pone.0142093.g002
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postnatal treatment were analyzed by dividing each value with the average of the group receiv-
ing the same prenatal treatment (Figs 3 and 4, S2 and S3 Figs). A value significantly different of
one meant that the treated group was different from the control group. We used also an analy-
sis of variance (ANOVA) followed by Dunnett post hoc test to compare each treatment with a
control/reference group (Fig 5B and 5C). Finally, the effect of gender was verified for each com-
parison and both sexes were analyzed separately, only when the difference was observed. The
statistics were not protected by multiple comparisons. All statistical analyses were performed
using JMP (version 9, SAS) and prism (version 4.0, GraphPad Software Inc.).

Results

['®F]FPEB binding potential was altered during maturation of LPS-
exposed offspring

During maturity, we observed an increase of ['*F]FPEB binding potential in the striatum and
the whole brain of saline-exposed offspring (Fig 2A and 2E). Statistical analyses (Table 1) were
performed using paired t-test (olfactory bulb (OB), cortex (Ctx), hippocampus (Hip), striatum
(Str) and whole brain (W)) or Wilcoxon matched pairs test (hypothalamus (Hth)).

In mice prenatally exposed to LPS, the binding potential of ['*F]FPEB decreased in the OB
during maturation, but increased in the Ctx, Hip, Str and W (Fig 2B and 2E). Statistical analy-
ses were done using paired t-test (OB, Hip and Hth) or Wilcoxon matched pairs test (Ctx, Str
and W). Prenatal immune challenge significantly reduced the binding potential of ['*F]FPEB
in the striatum and the whole brain of adolescent mice (PnD37) compared to the control mice
(prenatally saline-exposed offspring, Fig 2C and 2E), while no difference was observed between
the adult mice (PnD119; Fig 2D and 2E). Unpaired Student’s t-test (OB, Hip and W of panel C;
OB and Hip of panel D), Welch t-test (Ctx and Str of panel C; Hth of panel D) and Mann-
Whitney test (Hth of panel C; Ctx, Str and W of panel D) were used to compare the effects of
the prenatal treatments. The number of animals was 9-10 (PnD37-39) and 14 (PnD117-119)
for the saline-exposed offspring, whereas it was 7-8 (PnD37-39) and 10-11 (PnD117-119) for
the LPS-exposed group.

Aging and prenatal treatment did not influence [''C]PBR28 accumulation
Quantification of ['!C]PBR28 accumulation showed a significant increase during maturation
in the cerebellum of saline-exposed mice (S1A and SIE Fig) without significant change in mice
prenatally exposed to LPS (S1B and S1E Fig). No difference of [''C]PBR28 accumulation was
observed between mice prenatally exposed to saline or LPS at PnD35 (S1C and S1E Fig) and
PnD120 (S1D and SIE Fig).

Effects of postnatal MTEP treatment on ['*F]FPEB binding potential
MTEP treatment reduced ['*F]FPEB binding potential in hypothalamus of saline-treated mice
at PnD119 (S2A Fig), but had no effect on mice prenatally exposed to LPS (S2B Fig).

[*'C]PBR28 accumulation was not changed after MTEP treatment
The binding potential of ['' C]PBR28 in different brain structures was not changed by MTEP
treatment in mice prenatally exposed to saline or LPS (S3A and S3B Fig).

Effects of postnatal CDPPB treatment on ['*F]FPEB binding potential
Postnatal treatment with CDPPB did not change the binding potential of ['*F]FPEB in prena-
tally saline-exposed offspring (Fig 3A and 3C). However, the binding potential of ['*F]FPEB
decreased in the cortex and hippocampus of LPS-exposed offspring after 5-week CDPPB treat-
ment (Fig 3B and 3C).

["'C]PBR28 accumulation was decreased in saline-exposed offspring after postnatal
CDPPB treatment, but not in offspring prenatally exposed to LPS
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Fig 3. Effects of postnatal CDPPB treatment on ['®F]FPEB binding potential. CDPPB treatment did not change the ['®F]FPEB binding potential in the
quantified brain region of the offspring prenatally exposed to saline solution (A). However, the LPS-exposed offspring had a lower ['®F]JFPEB accumulation in
the cortex and hippocampus following CDPPB treatment (B). (C) Axial view of a representative mouse from each group. Values are expressed as

mean + SEM. Abbreviations: CDPPB, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide; ['F]FPEB, [18FIfluoro-5-(2-pyridinylethynyl)benzonitrile; Ctx,
cortex; Hip, hippocampus; Hth, hypothalamus; OB, olfactory bulb; PnD, postnatal day; Str, striatum; W, whole brain. *p < 0.05, **p < 0.01. Statistical
analyses were performed using one-sample t test (all comparisons of panel A; OB, Hip, Str, Hth and W of panel B) or Wilcoxon signed-rank test (Ctx of panel
B). The number of animals was 10—11 for the saline group and 12 for the LPS-exposed group. >>

doi:10.1371/journal.pone.0142093.9003
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Fig 4. Postnatal CDPPB treatment decreased [''C]PBR accumulation in saline-exposed offspring, but
not in offspring prenatally exposed to LPS. Postnatal CDPPB treatment decreased the accumulation of
[''CIPBR in the olfactory bulb, cerebellum, hippocampus, striatum, hypothalamus and the whole brain of the
offspring prenatally exposed to saline solution (A). However, [''C]PBR accumulation did not change in any
quantified brain region of the LPS-exposed offspring (B). Axial PET images of [' 'C]PBR accumulation at the
midbrain level illustrate the decreased accumulation after CDPPB treatment in the prenatally saline-exposed

offspring while there is no

significant change in the brain of CDPPB treated mice prenatally exposed to LPS

(C). Values are expressed as mean + SEM. Abbreviations: CDPPB, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-
5-yl)benzamide; [''C] PBR28, peripheral benzodiazepine receptor 28; Ctx, cortex; Crbl, cerebellum; Hip,
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hippocampus; Hth, hypothalamus; OB, olfactory bulb; PnD, postnatal day; Str, striatum; W, whole brain.
*p <0.05, **p <0.01>>

doi:10.1371/journal.pone.0142093.g004

CDPPB treatment decreased the binding potential of ["'C]PBR28 in olfactory bulb, cerebellum,
hippocampus, striatum and hypothalamus of saline-exposed offspring (Fig 4A and 4C), but
had no effect on LPS-exposed offspring (Fig 4B and 4C). Statistical analyses were performed
using one-sample t test (all comparisons of panel A; Crbl, Hip, Str, Hth and W of panel B) or
Wilcoxon signed-rank test (OB and Ctx of panel B). The number of animals was 9 for the saline
group and 8-9 for the LPS group.

Effects of prenatal and postnatal treatments on mGIuR5 expression and
markers of activated glial cells in the brain

Prenatal exposure of LPS did not change mGluR5, ibal, CD68 or GFAP expression in the
homogenized whole brain of 128/130-day old animals (Fig 5A). Postnatal CDPPB treatment
reduced GFAP expression in saline-exposed offspring, without any change in ibal, CD68 or
mGluR5 expression (Fig 5B). No molecular change was observed following MTEP treatment in
animals prenatally exposed to saline solution (Fig 5B). Neither treatments (CDPPB or MTEP)
changed ibal, CD68, GFAP or mGluR5 expression in the homogenized whole brain of LPS-
exposed offspring (Fig 5C). Statistical analyses were performed using unpaired t-test (panel A)
or one way ANOV A followed by Dunnett post hoc tests (panel B and C). The number of sam-
ples was 7-8 for each group.

Discussion

During maturation ['8F]FPEB binding modulated in many brain
structures of offspring prenatally exposed to LPS

Several epidemiological [50-52] and preclinical studies [45, 52, 53] have provided strong evi-
dence that prenatal infections significantly increase the risk for various brain-related develop-
mental disorders [54], including several neurological and neuropsychiatric diseases. We have
recently demonstrated that inflammatory processes induced by an infection during gestational
period alters expression of glial mGIuR5, and the degree of this alteration is associated with
many brain-related disorders as a delay in the reflex development of young pups [13], deficits
in social behavior and working memory of adolescent offspring [12] and hypoanxious pheno-
type in young adults [14]. These studies support an idea that modulation of glial mGIuR5
expression during development is one factor involved in the brain-related behavioral disorders
which are associated with inflammatory processes during development.

In this study, we demonstrated the similar ['®F]FPEB binding in the adults which were
either prenatally exposed or not exposed to LPS, suggesting that prenatal treatment did not
influence mGIuRS5 expression in the adult mice. ['*F]FPEB binding potential between adoles-
cent and adult mice prenatally exposed to saline solution was similar, proposing that mGluR5
expression is stable at PnD37. In the contrary, prenatally LPS-exposed adolescent mice showed
a lower level of ['*F]FPEB binding than adult mice proposing an instability or incomplete mat-
uration in the expression of mGIuR5 at the age of PnD37. The reason of this decrease is uncer-
tain, since mGluR5 is expressed in glial cells and in neurons [3] and many other physiological
parameters effect on mGluR5 expression during development (splice variant expression,
mRNA, protein modifications and regional expression) [55-57]. Our data supports the idea
that mGluR5 could be a target in the treatment of brain-related developmental disorders and
to diagnose neurodevelopmental abnormalities by imaging approaches.
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Fig 5. Astrocytic marker was decreased in the brain of prenatally saline-exposed offspring, but not in the offspring prenatally exposed to LPS,
following pharmacological activation of mGIuR5. A prenatal administration of LPS did not change the brain expression level of iba1, CD68, GFAP or
mGiIuR5 in 4-month-old mice (A). Postnatal CDPPB treatment reduced the GFAP level, without effect on iba1, CD68 or mGIuRS5 in the mice prenatally
exposed to saline solution. The quantified molecular markers did not change in the brain of mice treated with MTEP (B). No change in iba1, CD68, GFAP or
mGIluR5 was observed in the brain of the mice prenatally exposed to LPS (C). Values are expressed as mean + SEM. Abbreviations: MTEP, 3-((2-methyl-
4-thiazolyl)ethynyl)pyridine; CDPPB, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) benzamide; CD68, cluster of differentiation 68); iba1, ionized calcium binding
adaptor molecule-1; GFAP, glial fibrillary acidic protein; mGluR5, metabotropic glutamate receptor subtype 5; ROD, relative optical density. **p < 0.01 >>

doi:10.1371/journal.pone.0142093.9005
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Table 1. Statistical values. The statistical methods used and obtained p-values in each treatment group and brain region.

Statistics U, T, F or W value / p value Statistics U, T, F or W value / p value
Fig 2. (FPEB quantification)
Brain panel A panel B
region Saline-exposed offspring (PnD37-39 vs PnD117-119) LPS-exposed offspring (PnD37-39 vs PnD117-119)
OB Paired T-test T (8)=0.872/p = 0.409 Paired T-test T (7) =4.729 / p = 0.002
Ctx Paired T-test T(8)=1.755/p=0.117 Paired T-test T (6) =4.155/ p = 0.006
Hip Paired T-test T (9)=1.183/p =0.267 Paired T-test T (6) = 3.984 / p = 0.007
Str Paired T-test T (8) =2.848/ p = 0.022 Paired T-test T (6) =5.823/ p = 0.001
Hth Paired T-test T (9) =0.064 / p = 0.951 Paired T-test T(7)=1.498/p=0.118
W Paired T-test T (8) =2.629/p = 0.030 Paired T-test T (7) = 4.044 / p = 0.005
Brain panel C panel D
region PnD37-39 (saline vs LPS prenatal exposition) PnD117-119 (saline vs LPS prenatal exposition)
OB Unpaired T-test T (15)=1.562/p =0.139 Unpaired T-test T (28) =1.234/p = 0.230
Ctx Welch's correction T (11)=1.856/p =0.090 Mann-Whitney Test U (180, 145) = 75.00 / p = 0.935
Hip Unpaired T-test T (15) =2.001 / p = 0.064 Unpaired T-test T (23) = 0.396 / p = 0.696
Str Welch's correction T (10) =2.500/ p = 0.031 Mann-Whitney Test U (198, 127) = 61.00 / p = 0.396
Hth Mann-Whitney Test U (100, 71) = 35.00 / p = 0.697 Welch's correction T (20) = 0.765 /p = 0.453
w Unpaired T-test T (15) =2.251 / p = 0.040 Mann-Whitney Test U (188, 112) =57.00/ p = 0.464
Fig 3. (FPEB binding potential)
Brain panel A panel B
region Effect of CDPPB in saline-exposed offspring (PnD117-119) Effect of CDPPB in LPS-exposed offspring (PnD117-119)
OB One sample t test T (10) =0.437 /p =0.671 One sample t test T(11)=1.015/p =0.332
Crbl _— _— _— _—
Ctx One sample t test T(10)=1.580/p=0.145 One sample t test T(11)=2.901/p =0.014
Hip One sample t test T (9)=0.049/p =0.962 One sample t test T (11)=2.888/p =0.015
Str One sample t test T (9)=0.398/p =0.700 One sample t test T(11)=1.496/p=0.163
Hth One sample t test T (10) =0.813/p =0.435 One sample t test T(11)=1.193/p = 0.258
w One sample t test T (10) = 0.566/p = 0.584 One sample t test T (11)=1.087/p =0.322
Fig 4. (PBR quantification)
Brain panel A panel B
region Effect of CDPPB in saline-exposed offspring (PnD125-127) Effect of CDPPB in LPS-exposed offspring (PnD117-119)
OB One sample t test T (8) =4.679/ p = 0.002 Wilcoxon signed rank W (30.00, -15.00) = 15.00 / p = 0.426
Crbl One sample t test T(8)=3.114/p =0.014 One sample t test T(@B)=0.111/p=0.915
Ctx One sample t test T(8)=1.438/p=0.188 Wilcoxon signed rank W (18.00, -18.00) =0/ p = 1.000
Hip One sample t test T (8)=3.126/p =0.014 One sample t test T (8)=0.437/p=0.673
Str One sample t test T (8)=3.352/p=0.010 One sample t test T (8) =0.566 / p = 0.587
Hth One sample t test T (8) =3.605/ p = 0.007 One sample t test T (8) =0.144 /p = 0.889
w Wilcoxon signed rank W (5.00, -40.00) = -35.00 p = 0.039 One sample t test T (8)=0.275/p = 0.790
Fig 5. (Brain protein level)
Brain panel A panel B
protein Effect of prenatal treatment in brain protein level Effect of postnatal treatment in saline-exposed offspring
mGIuR5 Mann Whitney test U (56,80) = 20.00 / p = 0.235 one-way ANOVA F (2,20)=2.769 /p = 0.087
CD68 One sample t test T (14) = 0.531 /p = 0.604 one-way ANOVA F(2,21)=0.217 /p = 0.807
ibat One sample t test T (13)=2.123/p = 0.055 one-way ANOVA F (2,20)=0.364/p =0.754
GFAP One sample t test T (14) = 0.247 / p = 0.808 one-way ANOVA F (2, 19) = 6.841 / p = 0.006
Brain panel C
protein Effect of postnatal treatment in LPS-exposed offspring
mGIuR5 one-way ANOVA F (2,20)=1.150/p = 0.337

(Continued)
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Table 1. (Continued)

Statistics
CD68 one-way ANOVA
ibal one-way ANOVA
GFAP one-way ANOVA

doi:10.1371/journal.pone.0142093.1001

U, T, F or W value / p value Statistics U, T, F or W value / p value
F (2,21) = 0.501/p = 0.613
F (2,20)=2.119/p = 0.727
F (2,21)=3.073/p = 0.068

mGluRS5 activity effects on the level of PBR and GFAP in the brain. Our study clearly
demonstrated that mGIuR5 activation induced by mGluR5 agonist, CDPPB decreased PBR level,
a marker of activated glial cells [7, 18] in many brain structures (Figs 4A and 5). This is the first
demonstration to show an interaction between these two proteins. To investigate cell type involved
in the downregulation of brain PBR, we have quantified by western blot different molecular mark-
ers, associated specifically with microglia or astrocyte in the whole brain of animals. GFAP is
expressed in astrocytes and its expression is increased in astroglial response [58, 59] whereas the
level of ibal and CD68, two microglial proteins, increases in activated microglia [60]. We have
observed a lower level of GFAP following CDPPB treatment, without any change in microglial
markers. These results suggested that mGluR5 activity down-regulates PBR level in astrocytes.
Supporting active role of mGIuR5 in astrocytes, D’ascenzo et al. showed that glutamatergic synap-
tic function activated mGluR5-dependent astrocytic Ca2+ oscillations and gliotransmission in the
nucleus accumbens of mice [11]. The anti-inflammatory action of PBR in astrocytes was previ-
ously demonstrated in a rat model of neuropathic pain [61]. In this model, authors demonstrated
that pharmacological activation of PBR in a rat model of neuropathic pain prevented GFAP over-
expression, reduced astroglial response and decreased the release of TNF-a, without change in
microglial markers [61]. In addition, they demonstrated the key role of PBR-dependent synthesis
of neurosteroid in the regulation of GFAP expression and astrocyte phenotype [61]. All the data
supports the idea that the regulation of PBR by mGluR5, as demonstrated in this study, is a key
metabolic pathway by which glutamatergic synaptic activity regulates astrocytic functions.

Absence of mGluR5 functional connection effects on PBR and GFAP markers in off-
spring prenatally exposed to LPS. We have observed that mGluR5 agonist treatment did not
change the level of GFAP and PBR in the offspring prenatally exposed to LPS, demonstrating
that the functional connection of mGIuR5 is lost in this prenatal immune challenge model (Fig
5). We have previously reported in the same model a transient loss of NeuN (neuronal specific
nuclear protein), mGluR5 and GFAP (astrocytic marker) in the brain of the foetus exposed to
LPS, whereas the brain level of mGluR5 and TNF-a: increased [13]. The level of these three
markers returned to baseline level at PnD10 [13]. One hypothesis to explain the uncoupling
link between mGluR5 and GFAP/PBR may be that the end of gestation can be a key period for
the development of inter-cellular link between astrocytes and neurons. The downregulation of
both neuron and astrocyte markers in foetal brain following maternal exposition to LPS in late
gestation supports this later [13]. The recoveries of these two cell-type markers at PnD10 were
partly explained by the very active neurogenic and gliogenic processes in late pregnancy [62].
However, these molecular recoveries did not exclude permanent subcellular abnormalities. A
delay in cell production could cause abnormal connections or reduce cell integration into the
network, and lead to abnormal behavioral phenotypes. Supporting this hypothesis, higher lev-
els of non aligned cells (PnD140-160) [63] and a poor arborization of neurons (PnD60) [64]
are reported in hippocampus of offspring prenatally exposed to LPS in late gestation. In addi-
tion, recent studies associated with mGluR5 and GABA receptors in different psychiatric disor-
ders [65], propose a potent modulatory function of mGluRS5 in the excitatory/inhibitory
balance, suggesting that network activity could be modulated by mGluR5 activity.
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Prenatal immune challenges are models of psychiatric diseases in which a decrease in perfor-
mance of the brain network is suspected to be a key factor in the brain-related behavioral symp-
toms [54, 66]. Our study demonstrated a new downstream pathway of mGluR5 (PBR receptor),
known to modulate of astrocyte functions, but defective in the offspring prenatally exposed to
LPS. The disconnection of mGluR5-PBR pathway in astrocytes suggests a loss of sensitivity of
the astrocytes to detect glutamate, the main excitatory neurotransmitter in brain. This desensiti-
zation might impair the modulation of synaptic activity by astrocytes [64]. The lack of this
inter-cellular regulation might induce network failure, and consequently behavioral disorders.

Relevance to humans

Recently there has been a growing interest for mGluR5 targeted therapeutic approaches in sev-
eral central and peripheral diseases [64]. In schizophrenia, mGluR5 activators are known to
reduce the negative and positive symptoms [3, 67]. Among the suspected mechanisms, potenti-
ating of NMDA response by positive allosteric modulators (PAMs) [68] is suspected to
improve cognitive deficits of this disease [67] while the antipsychotic effects of PAMs could be
the consequence of the modulatory effect on the mesolimbic dopaminergic pathway [3], as sug-
gested by the decrease in the basal dopamine levels in the nucleus accumbens induced by
ADX47273 (mGluR5 PAM) [69]. In counterpart, many preclinical studies have reported an
anxiolytic effect of mGluR5 negative modulator [70-72] and these observations were sup-
ported by a clinical study using fenobam (negative allosteric modulator of mGluR5) [73, 74].
Our studies demonstrate that PET imaging using ['*F]FPEB and [''C]PBR28 is a new and
non-invasive approach to evaluate in vivo how mGIuR5 focused treatment can modulate PBR
signaling in astrocyte. The developed methods are easily translatable for human studies espe-
cially since the used PET imaging ligands are already in human use.

Methodologic limitations

The methodological limitation is that in vivo quantifications of PBR and mGluR5 are based on
the affinity and specificity of the radioactive ligands to bind the receptor. This technical limit is
valid for all quantifications based on an affinity approach, including the binding of ligand with
its receptor or the ability of an antibody to recognize a molecular structure. ['*F]FPEB is devel-
oped from the 2-methyl-6-(phenylethynyl)pyridine (MPEP) scaffold and binds the same site as
MPEDP in a fully competitive manner [75]. Many recent studies demonstrated that ['®F]FPEB is
currently a ligand of choice to target mGluR5. Receptor autoradiography studies in tissue sec-
tions have confirmed that the regional distribution of ['®F]FPEB in mammalian central ner-
vous system is consistent with that of mGluR5 [76]. All of these studies support ['®F]FPEB as
an acceptable ligand to image mGluR5 in the brain. Concerning PBR28, recent in vivo studies
demonstrated that specific binding of [''C]PK11195, the most common radioactive ligand to
image PBR over the past 10 years, was approximately 80-fold lower than that reported for
[''C]PBR28 in monkey brain. Another important factor is the pharmacodynamics properties
of the compound. To bind brain receptor, a molecule must cross the blood brain barrier. Since
the brain permeability to ['*F]FPEB and [''C]PBR28 was not investigated in normal mice and
mice prenatally exposed to LPS, we cannot exclude pharmacodynamic change. In summary,
the limitations of this study are not different from other studies.

Major conclusions

o The expression of inflammatory marker TSPO/PBR is linked to the activation of mGluR5 in
a mouse model of LPS prenatal immune challenge during maturation.
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o The mGluR5 modulates the astrocyte functions and this pathway is defective in offspring
prenatally exposed to LPS.

o The disconnection of mGluR5-PBR pathway in astrocytes suggests a loss of sensitivity of the
astrocytes to detect glutamate, which might impair the neuronal-astrocyte inter-cellular net-
work and consequently advance the development of behavioral disorders.

Supporting Information

S1 Fig. Effects of maturation and prenatal treatment on [''C]PBR binding potential in dif-
ferent brain structures.
(TIF)

S2 Fig. Effects of postnatal MTEP treatment on ['*F]FPEB binding potential.
(TIF)

$3 Fig. Effects of postnatal MTEP treatment on [''C]PBR binding potential.
(TIF)

S1 File.
(DOCX)

S2 File.
(DOCX)

S3 File.
(DOCX)

S1 Supplemental Discussion. Hyperactivity of neuronal and glial mGluR5 is a potent path-
way to reduce glutamate neurotoxicity and, subsequently, reduce astrocyte activation.
(DOCX)

S1 Table. Statistical values.
(DOCX)

Acknowledgments

This work was supported by the National Institutes of Health, National Institute of Mental
Health [grant IROIMH091684]. Dany Arsenault was supported by scholarship from Fonds de
la Recherche en Santé du Québec (FRSQ). The authors would like to express their appreciation
of the financial support for PP from The Orion Farmos Research Foundation, Saastamoinen
Foundation, Sigrid Juselius Foundation, Osk Huttunen Foundation and Kuopio University
Foundation. The used instrumentation in the experiments was supported by the grants from
the National Institutes of Health, National Center of Research Resources (grants SIORR029495
and S10RR026666] to A-LB.

Author Contributions

Conceived and designed the experiments: ALB DA. Performed the experiments: DA KC AZ
CG KEK JKC ALB. Analyzed the data: DA AZ JKC PP ALB. Contributed reagents/materials/
analysis tools: DA CG KEK ALB. Wrote the paper: DA PP ALB.

PLOS ONE | DOI:10.1371/journal.pone.0142093 November 4, 2015 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142093.s008

@’PLOS ‘ ONE

Loss of mGIluR5 Function on PBR

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Niswender CM, Conn PJ (2010) Metabotropic glutamate receptors: physiology, pharmacology, and dis-
ease. Annu Rev Pharmacol Toxicol 50: 295-322. doi: 10.1146/annurev.pharmtox.011008.145533
PMID: 20055706

Hermans E, Challiss RA (2001) Structural, signalling and regulatory properties of the group | metabotro-
pic glutamate receptors: prototypic family C G-protein-coupled receptors. Biochem J 359: 465—-484.
PMID: 11672421

Hovelso N, Sotty F, Montezinho LP, Pinheiro PS, Herrik KF, Mork A (2012) Therapeutic potential of
metabotropic glutamate receptor modulators. Curr Neuropharmacol 10: 12—48. doi: 10.2174/
157015912799362805 PMID: 22942876

Pellegrino D, Cicchetti F, Wang X, Zhu A, Yu M, Saint-Pierre M, et al. (2007) Modulation of dopaminer-
gic and glutamatergic brain function: PET studies on parkinsonian rats. J Nucl Med 48: 1147-1153.
PMID: 17574972

Ayala JE, Chen Y, Banko JL, Sheffler DJ, Williams R, Telk AN, et al. (2009) mGluR5 positive allosteric
modulators facilitate both hippocampal LTP and LTD and enhance spatial learning. Neuropsychophar-
macology 34:2057-2071. doi: 10.1038/npp.2009.30 PMID: 19295507

Conn PJ, Lindsley CW, Jones CK (2009) Activation of metabotropic glutamate receptors as a novel
approach for the treatment of schizophrenia. Trends Pharmacol Sci 30: 25-31. doi: 10.1016/j.tips.
2008.10.006 PMID: 19058862

Choi J, Ifuku M, Noda M, Guilarte TR (2011) Translocator protein (18 kDa)/peripheral benzodiazepine
receptor specific ligands induce microglia functions consistent with an activated state. Glia 59: 219—
230. doi: 10.1002/glia.21091 PMID: 21125642

Dickerson JW, Conn PJ (2012) Therapeutic potential of targeting metabotropic glutamate receptors for
Parkinson's disease. Neurodegener Dis Manag 2: 221-232. PMID: 23526920

Ferraguti F, Corti C, Valerio E, Mion S, Xuereb J (2001) Activated astrocytes in areas of kainate-
induced neuronal injury upregulate the expression of the metabotropic glutamate receptors 2/3 and 5.
Exp Brain Res 137:1-11. PMID: 11310162

Byrnes KR, Loane DJ, Stoica BA, Zhang J, Faden Al (2012) Delayed mGIuR5 activation limits neuroin-
flammation and neurodegeneration after traumatic brain injury. J Neuroinflammation 9: 43. doi: 10.
1186/1742-2094-9-43 PMID: 22373400

D'Ascenzo M, Fellin T, Terunuma M, Revilla-Sanchez R, Meaney DF, Auberson YB, et al. (2007)
mGiluR5 stimulates gliotransmission in the nucleus accumbens. Proc Natl Acad Sci U S A 104: 1995—
2000. PMID: 17259307

Drouin-Ouellet J, Brownell AL, Saint-Pierre M, Fasano C, Emond V, Trudeau LE, et al. (2011) Neuroin-
flammation is associated with changes in glial mGIuR5 expression and the development of neonatal
excitotoxic lesions. Glia 59: 188—199. doi: 10.1002/glia.21086 PMID: 21125661

Arsenault D, St-Amour |, Cisbani G, Rousseau LS, Cicchetti F (2013) The different effects of LPS and
poly I:C prenatal immune challenges on the behavior, development and inflammatory responses in
pregnant mice and their offspring. Brain Behav Immun 38: 77-90. doi: 10.1016/j.bbi.2013.12.016
PMID: 24384468

Arsenault D, Zhu A, Gong C, Kil K, Kura S, Choi JK, et al. (2014) Hypo-anxious phenotype of adoles-
cent offspring prenatally exposed to LPS is associated with reduced mGIuR5 expression in hippocam-
pus. Open journal of medical psychology 3:202-211. PMID: 25419490

Higashimori H, Morel L, Huth J, Lindemann L, Dulla C, Taylor A, et al. (2013) Astroglial FMRP-depen-
dent translational down-regulation of mGIuR5 underlies glutamate transporter GLT1 dysregulation in
the fragile X mouse. Hum Mol Genet 22: 2041-2054. doi: 10.1093/hmg/ddt055 PMID: 23396537

Byrnes KR, Stoica B, Loane DJ, Riccio A, Davis MI, Faden Al (2009) Metabotropic glutamate receptor
5 activation inhibits microglial associated inflammation and neurotoxicity. Glia 57: 550-560. doi: 10.
1002/glia.20783 PMID: 18816644

Loane DJ, Stoica BA, Pajoohesh-Ganiji A, Byrnes KR, Faden Al (2009) Activation of metabotropic gluta-
mate receptor 5 modulates microglial reactivity and neurotoxicity by inhibiting NADPH oxidase. J Biol
Chem 284: 15629—15639. doi: 10.1074/jbc.M806139200 PMID: 19364772

Chen MK, Guilarte TR (2008) Translocator protein 18 kDa (TSPO): molecular sensor of brain injury and
repair. Pharmacol Ther 118: 1-17. doi: 10.1016/j.pharmthera.2007.12.004 PMID: 18374421

Haidan A, Bornstein SR, Liu Z, Walsh LP, Stocco DM, Ehrhart-Bornstein M (2000) Expression of adre-
nocortical steroidogenic acute regulatory (StAR) protein is influenced by chromaffin cells. Mol Cell
Endocrinol 165: 25-32. PMID: 10940480

Papadopoulos V (2003) Peripheral benzodiazepine receptor: structure and function in health and dis-
ease. Ann Pharm Fr 61: 30-50. PMID: 12589253

PLOS ONE | DOI:10.1371/journal.pone.0142093 November 4, 2015 16/19


http://dx.doi.org/10.1146/annurev.pharmtox.011008.145533
http://www.ncbi.nlm.nih.gov/pubmed/20055706
http://www.ncbi.nlm.nih.gov/pubmed/11672421
http://dx.doi.org/10.2174/157015912799362805
http://dx.doi.org/10.2174/157015912799362805
http://www.ncbi.nlm.nih.gov/pubmed/22942876
http://www.ncbi.nlm.nih.gov/pubmed/17574972
http://dx.doi.org/10.1038/npp.2009.30
http://www.ncbi.nlm.nih.gov/pubmed/19295507
http://dx.doi.org/10.1016/j.tips.2008.10.006
http://dx.doi.org/10.1016/j.tips.2008.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19058862
http://dx.doi.org/10.1002/glia.21091
http://www.ncbi.nlm.nih.gov/pubmed/21125642
http://www.ncbi.nlm.nih.gov/pubmed/23526920
http://www.ncbi.nlm.nih.gov/pubmed/11310162
http://dx.doi.org/10.1186/1742-2094-9-43
http://dx.doi.org/10.1186/1742-2094-9-43
http://www.ncbi.nlm.nih.gov/pubmed/22373400
http://www.ncbi.nlm.nih.gov/pubmed/17259307
http://dx.doi.org/10.1002/glia.21086
http://www.ncbi.nlm.nih.gov/pubmed/21125661
http://dx.doi.org/10.1016/j.bbi.2013.12.016
http://www.ncbi.nlm.nih.gov/pubmed/24384468
http://www.ncbi.nlm.nih.gov/pubmed/25419490
http://dx.doi.org/10.1093/hmg/ddt055
http://www.ncbi.nlm.nih.gov/pubmed/23396537
http://dx.doi.org/10.1002/glia.20783
http://dx.doi.org/10.1002/glia.20783
http://www.ncbi.nlm.nih.gov/pubmed/18816644
http://dx.doi.org/10.1074/jbc.M806139200
http://www.ncbi.nlm.nih.gov/pubmed/19364772
http://dx.doi.org/10.1016/j.pharmthera.2007.12.004
http://www.ncbi.nlm.nih.gov/pubmed/18374421
http://www.ncbi.nlm.nih.gov/pubmed/10940480
http://www.ncbi.nlm.nih.gov/pubmed/12589253

@’PLOS ‘ ONE

Loss of mGIluR5 Function on PBR

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Papadopoulos V, Amri H, Boujrad N, Cascio C, Culty M, Garnier M, et al. (1997) Peripheral benzodiaze-
pine receptor in cholesterol transport and steroidogenesis. Steroids 62: 21-28. PMID: 9029710

Kuhlmann AC, Guilarte TR (2000) Cellular and subcellular localization of peripheral benzodiazepine
receptors after trimethyltin neurotoxicity. J Neurochem 74: 1694—1704. PMID: 10737628

Guilarte TR, Nihei MK, McGlothan JL, Howard AS (2003) Methamphetamine-induced deficits of brain
monoaminergic neuronal markers: distal axotomy or neuronal plasticity. Neuroscience 122: 499-513.
PMID: 14614914

Chen MK, Baidoo K, Verina T, Guilarte TR (2004) Peripheral benzodiazepine receptor imaging in CNS
demyelination: functional implications of anatomical and cellular localization. Brain 127: 1379-1392.
PMID: 15069023

Chen MK, Guilarte TR (2006) Imaging the peripheral benzodiazepine receptor response in central ner-
vous system demyelination and remyelination. Toxicol Sci 91: 532-539. PMID: 16554315

Bae KR, Shim HJ, Balu D, Kim SR, Yu SW (2014) Translocator protein 18 kDa negatively regulates
inflammation in microglia. J Neuroimmune Pharmacol 9: 424—437. doi: 10.1007/s11481-014-9540-6
PMID: 24687172

Cagnin A, Kassiou M, Meikle SR, Banati RB (2007) Positron emission tomography imaging of neuroin-
flammation. Neurotherapeutics 4: 443—-452. PMID: 17599710

Cagnin A, Brooks DJ, Kennedy AM, Gunn RN, Myers R, Turkheimer FE, et al. (2001) In-vivo measure-
ment of activated microglia in dementia. Lancet 358: 461—-467. PMID: 11513911

Versijpt JJ, Dumont F, Van Laere KJ, Decoo D, Santens P, Audenaert K, et al. (2003) Assessment of
neuroinflammation and microglial activation in Alzheimer's disease with radiolabelled PK11195 and sin-
gle photon emission computed tomography. A pilot study. Eur Neurol 50: 39-47. PMID: 12824711

Ouchi Y, Yoshikawa E, Sekine Y, Futatsubashi M, Kanno T, Ogusu T, et al. (2005) Microglial activation
and dopamine terminal loss in early Parkinson's disease. Ann Neurol 57: 168-175. PMID: 15668962

Gerhard A, Trender-Gerhard |, Turkheimer F, Quinn NP, Bhatia KP, Brooks DJ (2006) In vivo imaging
of microglial activation with [11C](R)-PK11195 PET in progressive supranuclear palsy. Mov Disord 21:
89-93. PMID: 16108021

Gerhard A, Schwarz J, Myers R, Wise R, Banati RB (2005) Evolution of microglial activation in patients
after ischemic stroke: a [11C](R)-PK11195 PET study. Neuroimage 24:591-595. PMID: 15627603

Banati RB, Newcombe J, Gunn RN, Cagnin A, Turkheimer F, Heppner F, et al. (2000) The peripheral
benzodiazepine binding site in the brain in multiple sclerosis: quantitative in vivo imaging of microglia
as a measure of disease activity. Brain 123 (Pt 11): 2321-2337. PMID: 11050032

Debruyne JC, Versijpt J, Van Laere KJ, De Vos F, Keppens J, Strijckmans K, et al. (2003) PET visuali-
zation of microglia in multiple sclerosis patients using [11C]PK11195. Eur J Neurol 10: 257—264.
PMID: 12752399

Da Pozzo E, Costa B, Martini C (2012) Translocator protein (TSPO) and neurosteroids: implications in
psychiatric disorders. Curr Mol Med 12: 426—-442. PMID: 22348611

Maelfait J, Vercammen E, Janssens S, Schotte P, Haegman M, Magez S, et al. (2008) Stimulation of
Toll-like receptor 3 and 4 induces interleukin-1beta maturation by caspase-8. J Exp Med 205: 1967—
1973. doi: 10.1084/jem.20071632 PMID: 18725521

Golan HM, Lev V, Hallak M, Sorokin Y, Huleihel M (2005) Specific neurodevelopmental damage in
mice offspring following maternal inflammation during pregnancy. Neuropharmacol 48: 903-917.
Busse CS, Brodkin J, Tattersall D, Anderson JJ, Warren N, Tehrani L, et al. (2004) The behavioral pro-
file of the potent and selective mGlu5 receptor antagonist 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine
(MTEP) in rodent models of anxiety. Neuropsychopharmacology 29: 1971-1979. PMID: 15305166
Kinney GG, O'Brien JA, Lemaire W, Burno M, Bickel DJ, Clements MK, et al. (2005) A novel selective
positive allosteric modulator of metabotropic glutamate receptor subtype 5 has in vivo activity and anti-
psychotic-like effects in rat behavioral models. J Pharmacol Exp Ther 313: 199-206. PMID: 15608073
Palucha A, Branski P, Szewczyk B, Wieronska JM, Klak K, Pilc A (2005) Potential antidepressant-like
effect of MTEP, a potent and highly selective mGIluR5 antagonist. Pharmacol Biochem Behav 81: 901—
906. PMID: 16040106

O'Connor EC, Crombag HS, Mead AN, Stephens DN (2010) The mGIuR5 antagonist MTEP dissoci-
ates the acquisition of predictive and incentive motivational properties of reward-paired stimuli in mice.
Neuropsychopharmacology 35: 1807-1817. doi: 10.1038/npp.2010.48 PMID: 20375996

Auerbach BD, Osterweil EK, Bear MF (2011) Mutations causing syndromic autism define an axis of
synaptic pathophysiology. Nature 480: 63—68. doi: 10.1038/nature10658 PMID: 22113615

PLOS ONE | DOI:10.1371/journal.pone.0142093 November 4, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/9029710
http://www.ncbi.nlm.nih.gov/pubmed/10737628
http://www.ncbi.nlm.nih.gov/pubmed/14614914
http://www.ncbi.nlm.nih.gov/pubmed/15069023
http://www.ncbi.nlm.nih.gov/pubmed/16554315
http://dx.doi.org/10.1007/s11481-014-9540-6
http://www.ncbi.nlm.nih.gov/pubmed/24687172
http://www.ncbi.nlm.nih.gov/pubmed/17599710
http://www.ncbi.nlm.nih.gov/pubmed/11513911
http://www.ncbi.nlm.nih.gov/pubmed/12824711
http://www.ncbi.nlm.nih.gov/pubmed/15668962
http://www.ncbi.nlm.nih.gov/pubmed/16108021
http://www.ncbi.nlm.nih.gov/pubmed/15627603
http://www.ncbi.nlm.nih.gov/pubmed/11050032
http://www.ncbi.nlm.nih.gov/pubmed/12752399
http://www.ncbi.nlm.nih.gov/pubmed/22348611
http://dx.doi.org/10.1084/jem.20071632
http://www.ncbi.nlm.nih.gov/pubmed/18725521
http://www.ncbi.nlm.nih.gov/pubmed/15305166
http://www.ncbi.nlm.nih.gov/pubmed/15608073
http://www.ncbi.nlm.nih.gov/pubmed/16040106
http://dx.doi.org/10.1038/npp.2010.48
http://www.ncbi.nlm.nih.gov/pubmed/20375996
http://dx.doi.org/10.1038/nature10658
http://www.ncbi.nlm.nih.gov/pubmed/22113615

@’PLOS ‘ ONE

Loss of mGIluR5 Function on PBR

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

Lin CW, Chen CY, Cheng SJ, Hu HT, Hsueh YP (2014) Sarm1 deficiency impairs synaptic function and
leads to behavioral deficits, which can be ameliorated by an mGluR allosteric modulator. Front Cell
Neurosci 8: 87. doi: 10.3389/fncel.2014.00087 PMID: 24744698

Golan H, Stilman M, Lev V, Huleihel M (2006) Normal aging of offspring mice of mothers with induced
inflammation during pregnancy. Neuroscience 141: 1909-1918. PMID: 16806718

Fortier ME, Luheshi GN, Boksa P (2007) Effects of prenatal infection on prepulse inhibition in the rat
depend on the nature of the infectious agent and the stage of pregnancy. Behav Brain Res 181:270—
277.PMID: 17553574

Shigemoto R, Nomura S, Ohishi H, Sugihara H, Nakanishi S, Mizuno N (1993) Immunohistochemical
localization of a metabotropic glutamate receptor, mGIuR5, in the rat brain. Neurosci Lett 163: 53-57.
PMID: 8295733

Sullivan JM, Lim K, Labaree D, Lin SF, McCarthy TJ, Seibyl JP, et al. (2013) Kinetic analysis of the
metabotropic glutamate subtype 5 tracer [(18)F]JFPEB in bolus and bolus-plus-constant-infusion studies
in humans. J Cereb Blood Flow Metab 33: 532-541. doi: 10.1038/jcbfm.2012.195 PMID: 23250105

Romano C, Yang WL, O'Malley KL (1996) Metabotropic glutamate receptor 5 is a disulfide-linked
dimer. J Biol Chem 271:28612-28616. PMID: 8910492

Fatemi SH, Folsom TD (2014) Existence of monomer and dimer forms of mGluR5, under reducing con-
ditions in studies of postmortem brain in various psychiatric disorders. Schizophr Res 158: 270-271.
doi: 10.1016/j.schres.2014.06.029 PMID: 25043265

Fatemi SH, Pearce DA, Brooks Al, Sidwell RW (2005) Prenatal viral infection in mouse causes differen-
tial expression of genes in brains of mouse progeny: a potential animal model for schizophrenia and
autism. Synapse 57: 91-99. PMID: 15906383

Clarke MC, Harley M, Cannon M (2006) The role of obstetric events in schizophrenia. Schizophr Bull
32: 3-8. PMID: 16306181

Brown AS, Derkits EJ (2010) Prenatal infection and schizophrenia: a review of epidemiologic and trans-
lational studies. Am J Psychiatry 167:261-280. doi: 10.1176/appi.ajp.2009.09030361 PMID:
20123911

Rousset Cl, Kassem J, Aubert A, Planchenault D, Gressens P, Chalon S, et al. (2013) Maternal Expo-
sure to Lipopolysaccharide Leads to Transient Motor Dysfunction in Neonatal Rats. Dev Neurosci 35:
172—-181. doi: 10.1159/000346579 PMID: 23445561

Patterson PH (2009) Immune involvement in schizophrenia and autism: etiology, pathology and animal
models. Behav Brain Res 204: 313-321. doi: 10.1016/j.bbr.2008.12.016 PMID: 19136031

Catania MV, De Socarraz H, Penney JB, Young AB (1994) Metabotropic glutamate receptor heteroge-
neity in rat brain. Mol Pharmacol 45: 626—-636. PMID: 8183241

Catania MV, Landwehrmeyer GB, Testa CM, Standaert DG, Penney JB Jr, Young AB(1994) Metabo-
tropic glutamate receptors are differentially regulated during development. Neuroscience 61: 481-495.
PMID: 7969925

Romano C, van den Pol AN, O'Malley KL (1996) Enhanced early developmental expression of the
metabotropic glutamate receptor mGIuRS in rat brain: protein, mMRNA splice variants, and regional dis-
tribution. J Comp Neurol 367: 403—-412. PMID: 8698900

Eng LF, Ghirnikar RS (1994) GFAP and astrogliosis. Brain Pathol 4: 229-237. PMID: 7952264

Brahmachari S, Fung YK, Pahan K (2006) Induction of glial fibrillary acidic protein expression in astro-
cytes by nitric oxide. J Neurosci 26: 4930-4939. PMID: 16672668

Kozlowski C, Weimer RM (2012) An automated method to quantify microglia morphology and applica-
tion to monitor activation state longitudinally in vivo. PLoS One 7: e31814. doi: 10.1371/journal.pone.
0031814 PMID: 22457705

Wei XH, Wei X, Chen FY, Zang Y, Xin WJ, Pang RP, et al. (2013) The upregulation of translocator pro-
tein (18 kDa) promotes recovery from neuropathic pain in rats. J Neurosci 33: 1540-1551. doi: 10.
1523/JNEUROSCI.0324-12.2013 PMID: 23345228

Panchision DM, McKay RD (2002) The control of neural stem cells by morphogenic signals. Curr Opin
Genet Dev 12:478-487. PMID: 12100896

Rideau Batista Novais A, Guiramand J, Cohen-Solal C, Crouzin N, de Jesus Ferreira MC, Vignes M,

et al. (2013) N-acetyl-cysteine prevents pyramidal cell disarray and reelin-immunoreactive neuron defi-
ciency in CA3 after prenatal immune challenge in rats. Pediatr Res 73: 750-755. doi: 10.1038/pr.2013.
40 PMID: 23478644

Baharnoori M, Brake WG, Srivastava LK (2009) Prenatal immune challenge induces developmental
changes in the morphology of pyramidal neurons of the prefrontal cortex and hippocampus in rats. Schi-
zophr Res 107: 99-109. doi: 10.1016/j.schres.2008.10.003 PMID: 19004618

PLOS ONE | DOI:10.1371/journal.pone.0142093 November 4, 2015 18/19


http://dx.doi.org/10.3389/fncel.2014.00087
http://www.ncbi.nlm.nih.gov/pubmed/24744698
http://www.ncbi.nlm.nih.gov/pubmed/16806718
http://www.ncbi.nlm.nih.gov/pubmed/17553574
http://www.ncbi.nlm.nih.gov/pubmed/8295733
http://dx.doi.org/10.1038/jcbfm.2012.195
http://www.ncbi.nlm.nih.gov/pubmed/23250105
http://www.ncbi.nlm.nih.gov/pubmed/8910492
http://dx.doi.org/10.1016/j.schres.2014.06.029
http://www.ncbi.nlm.nih.gov/pubmed/25043265
http://www.ncbi.nlm.nih.gov/pubmed/15906383
http://www.ncbi.nlm.nih.gov/pubmed/16306181
http://dx.doi.org/10.1176/appi.ajp.2009.09030361
http://www.ncbi.nlm.nih.gov/pubmed/20123911
http://dx.doi.org/10.1159/000346579
http://www.ncbi.nlm.nih.gov/pubmed/23445561
http://dx.doi.org/10.1016/j.bbr.2008.12.016
http://www.ncbi.nlm.nih.gov/pubmed/19136031
http://www.ncbi.nlm.nih.gov/pubmed/8183241
http://www.ncbi.nlm.nih.gov/pubmed/7969925
http://www.ncbi.nlm.nih.gov/pubmed/8698900
http://www.ncbi.nlm.nih.gov/pubmed/7952264
http://www.ncbi.nlm.nih.gov/pubmed/16672668
http://dx.doi.org/10.1371/journal.pone.0031814
http://dx.doi.org/10.1371/journal.pone.0031814
http://www.ncbi.nlm.nih.gov/pubmed/22457705
http://dx.doi.org/10.1523/JNEUROSCI.0324-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.0324-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23345228
http://www.ncbi.nlm.nih.gov/pubmed/12100896
http://dx.doi.org/10.1038/pr.2013.40
http://dx.doi.org/10.1038/pr.2013.40
http://www.ncbi.nlm.nih.gov/pubmed/23478644
http://dx.doi.org/10.1016/j.schres.2008.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19004618

@’PLOS ‘ ONE

Loss of mGIluR5 Function on PBR

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Fatemi SH, Folsom TD (2015) GABA receptor subunit distribution and FMRP-mGIuRS5 signaling abnor-
malities in the cerebellum of subjects with schizophrenia, mood disorders, and autism. Schizophr Res
167: 42-56. doi: 10.1016/j.schres.2014.10.010 PMID: 25432637

Kneeland RE, Fatemi SH (2013) Viral infection, inflammation and schizophrenia. Prog Neuropsycho-
pharmacol Biol Psychiatry 42: 35-48. doi: 10.1016/j.pnpbp.2012.02.001 PMID: 22349576

Piers TM, Kim DH, Kim BC, Regan P, Whitcomb DJ, Choi K (2012) Translational Concepts of mGIuR5
in Synaptic Diseases of the Brain. Front Pharmacol 3: 199. doi: 10.3389/fphar.2012.00199 PMID:
23205012

Rosenbrock H, Kramer G, Hobson S, Koros E, Grundl M, Grauert M, et al. (2010) Functional interaction
of metabotropic glutamate receptor 5 and NMDA-receptor by a metabotropic glutamate receptor 5 posi-
tive allosteric modulator. Eur J Pharmacol 639: 40-46. doi: 10.1016/j.ejphar.2010.02.057 PMID:
20371241

Diaz-Cabiale Z, Vivo M, Del Arco A, O'Connor WT, Harte MK, Muller CE, et al. (2002) Metabotropic glu-
tamate mGilu5 receptor-mediated modulation of the ventral striopallidal GABA pathway in rats. Interac-
tions with adenosine A(2A) and dopamine D(2) receptors. Neurosci Lett 324: 154—158. PMID:
11988350

Brodkin J, Busse C, Sukoff SJ, Varney MA (2002) Anxiolytic-like activity of the mGIluR5 antagonist
MPEP: a comparison with diazepam and buspirone. Pharmacol Biochem Behav 73: 359-366. PMID:
12117590

Klodzinska A, Tatarczynska E, Chojnacka-Woijcik E, Nowak G, Cosford ND, Pilc A (2004) Anxiolytic-
like effects of MTEP, a potent and selective mGlu5 receptor agonist does not involve GABA(A) signal-
ing. Neuropharmacology 47: 342-350. PMID: 15275823

Mikulecka A, Mares P (2009) Effects of mGIuR5 and mGIuR1 antagonists on anxiety-like behavior and
learning in developing rats. Behav Brain Res 204: 133—139. doi: 10.1016/j.bbr.2009.05.032 PMID:
19505510

Pecknold JC, McClure DJ, Appeltauer L, Wrzesinski L, Allan T (1982) Treatment of anxiety using feno-
bam (a nonbenzodiazepine) in a double-blind standard (diazepam) placebo-controlled study. J Clin
Psychopharmacol 2: 129-133. PMID: 7042771

Porter RH, Jaeschke G, Spooren W, Ballard TM, Buttelmann B, Kolczewski S, et al. (2005) Fenobam: a
clinically validated nonbenzodiazepine anxiolytic is a potent, selective, and noncompetitive mGlu5
receptor antagonist with inverse agonist activity. J Pharmacol Exp Ther 315: 711-721. PMID:
16040814

Anderson JJ, Bradbury MJ, Giracello DR, Chapman DF, Holtz G, Roppe J, et al. (2003) In vivo receptor
occupancy of mGlu5 receptor antagonists using the novel radioligand [3H]3-methoxy-5-(pyridin-2-
ylethynyl)pyridine). Eur J Pharmacol 473: 35—-40. PMID: 12877935

Patel S, Hamill TG, Connolly B, Jagoda E, Li W, Ribson RE et al. (2007) Species differences in
mGiluR5 binding sites in mammalian central nervous system determined using in vitro binding with
[18F]F-PEB. Nucl Med Biol 34:1009-1017. PMID: 17998106

PLOS ONE | DOI:10.1371/journal.pone.0142093 November 4, 2015 19/19


http://dx.doi.org/10.1016/j.schres.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25432637
http://dx.doi.org/10.1016/j.pnpbp.2012.02.001
http://www.ncbi.nlm.nih.gov/pubmed/22349576
http://dx.doi.org/10.3389/fphar.2012.00199
http://www.ncbi.nlm.nih.gov/pubmed/23205012
http://dx.doi.org/10.1016/j.ejphar.2010.02.057
http://www.ncbi.nlm.nih.gov/pubmed/20371241
http://www.ncbi.nlm.nih.gov/pubmed/11988350
http://www.ncbi.nlm.nih.gov/pubmed/12117590
http://www.ncbi.nlm.nih.gov/pubmed/15275823
http://dx.doi.org/10.1016/j.bbr.2009.05.032
http://www.ncbi.nlm.nih.gov/pubmed/19505510
http://www.ncbi.nlm.nih.gov/pubmed/7042771
http://www.ncbi.nlm.nih.gov/pubmed/16040814
http://www.ncbi.nlm.nih.gov/pubmed/12877935
http://www.ncbi.nlm.nih.gov/pubmed/17998106

