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Abstract

Many studies have reported long-term modulation of metabotropic glutamate receptor 5 (mGluR5)
by inflammatory processes and a pharmacological modulation of mGluR5 is known to regulate
anxiety level. However, it is not known if non-pharmacological modulation of mGluR5 by inflam-
mation impaired the unconditional level of anxiety. In this study, we investigated this relation in
LPS prenatal immune challenge (120 pg/kg, 3x i.p. injection in late gestation), a developmental
model of neuroinflammation in which some studies have reported hypo-anxious phenotype. Using
positron emission tomographic imaging (PET) approaches, we have demonstrated a decrease in
the binding potential of [18F]fluoro-5-(2-pyridinylethynyl)benzonitrile([18F]FPEB, a radioligand
for mGluRS5) in hippocampus of adolescent offspring prenatally exposed to LPS, without significant
change in the binding of [11C]peripheral benzodiazepine receptor 28 ([11C]PBR28), an inflamma-
tory marker. In addition, dark-light box emergence test revealed a lower level of anxiety in LPS-
exposed offspring and this behavioural phenotype was associated with the binding potential of
[18F]FPEB in hippocampus. These results confirm that neuroinflammation during developmental
phase modulates the physiology of mGluR5 and this alteration can be associated with behavioural
phenotype related to anxiety. In addition, this study supports a hypotheses that mGIluR5 could be
used as a diagnostic target in anxiety.

Keywords

Behavior, Anxiety, Inmune Response, Inflammation, mGluR5

"Corresponding author.

How to cite this paper: Arsenault, D., Zhu, A.J., Gong, C.Y., Kil, K.-E., Kura, S., Choi, J.-K. and Brownell, A.-L. (2014) Hy-
po-Anxious Phenotype of Adolescent Offspring Prenatally Exposed to LPS Is Associated with Reduced mGIuR5 Expression in
Hippocampus. Open Journal of Medical Psychology, 3, 202-211. http://dx.doi.org/10.4236/0jmp.2014.33022



http://www.scirp.org/journal/ojmp
http://dx.doi.org/10.4236/ojmp.2014.33022
http://dx.doi.org/10.4236/ojmp.2014.33022
http://www.scirp.org/
mailto:abrownell@partners.org
http://creativecommons.org/licenses/by/4.0/

D. Arsenault et al.

1. Introduction

In the recent years, metabotropic glutamate receptor subtype 5 (mGluR5) has been a growing subject in research
for its beneficial effects in several central and peripheral diseases [1]. Among these disorders, anxiety is one of
the most studied [2]. Many preclinical studies have reported an anxiolytic effect of mGluRS negative modulator
[3]-[7] and these observations were supported by a clinical study using fenobam [8] [9]. All of these studies
support the idea that mGIuRS is a key player in the regulation of anxiety.

mGluRS is found on postsynaptic terminals of neurons and microglia [10]. Its signaling is associated to
G4/G1; and activates phospholipase C, resulting in the hydrolysis of phosphoinositides and generation of inositol
1,4,5-triphosphate (IP3) and diacylglycerol [1]. This typical pathway leads to calcium mobilization and activa-
tion of protein kinase C (PKC). This receptor can also modulate G-independent pathway [11]. In vivo, we have
previously demonstrated that neuroinflammation generated by a neonatal hippocampal ibotenic acid lesion in-
creases the binding of ['*F]fluoro-5-(2-pyridinylethynyl)benzonitrile (['*F]FPEB) and up-regulates mRNA ex-
pression of mGluRS in microglia. This response, which is also associated with behavioural impairments (social
interactions and memory), can be prevented by treatment with the potent anti-inflammatory compound mino-
cycline [12]. Our results support the idea that neuroinflammation modulates expression of mGluRS and induces
some pathological behavior during development.

Despite these previous demonstrations, it is not clear if an inflammatory-dependent change in the physiology
of mGluRS during development influences the level of anxiety in offspring. Our hypothesis is that inflammation
during development modulates mGluRS expression and induces phenotype of anxiety, and both parameters are
related. To investigate it, we have used a model of the prenatal immune challenge with lipopolysaccharide (LPS)
in late gestation, in which the inflammatory response is not associated with brain injuries or pharmacological le-
sions. LPS is a component of the outer membrane of gram negative bacteria and ligand of Toll-like receptors
(TLR-4) [13]. When injected to the dam, LPS does not reach the brain of foetuses [14], excluding the possibility
that LPS acts directly in this structure. The selected dose (120 pg/Kg) is known to induce brain inflammation in
foetus after one injection [15]. The aim of this study was to investigate the impact of LPS induced prenatal in-
flammatory processes on postnatal mGluRS5 expression and anxiety level in adolescent offspring. Inflammation
and mGluRS5 expression were investigated by imaging approaches whereas dark-light box emergence test was
used to quantify the level of anxiety.

2. Materials and Methods
2.1. Animals

Altogether 30 pregnant C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, Massa-
chusetts), handled in our in-house breeding facility and kept in ventilated cages under standard laboratory condi-
tions. Experimental studies were conducted in 92 pups. The animal studies were approved by the Subcommittee
on Research Animals of Massachusetts 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 LaboratoryAnimals.

2.2. Immune Challenges

Bacterial infections were induced in pregnant mice by intraperitoneal (i.p.) injections of LPS (E. coli serotype
0111:134, 120 pg/kg/day; 0.05 ml/g; Sigma-Aldrich, Missouri, USA). Equivalent volumes (0.05 ml/g) of sterile
saline solution were used for the control treatment. Treatments were administered during late stages of gestation,
i.e. between GD15 and GD17 (Figure 1). Note that doses and modes of delivery were chosen based on current
literature and selected because of their known impact in inducing neuroinflammation in foetal brain after one in-
jection in the same time windows than in our study [15].

2.3. Dark-Light Box Emergence Test

Anxiety-like behavior was assessed using the dark-light box emergence test (Figure 1). The dimensions of the
Plexiglas box were 40 cm x 20 cm x 30 cm. The size of each compartment was 20 cm % 20 cm % 30 cm and the
central partition included a door of 4 cm x 4 cm. A mobile roof made of red acetate covered the black compart-
ment. Animals were positioned in the dark compartment. The time spent in each compartment and the number of
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Figure 1. Time line of experimentations. Pregnant mice (C57BL/6) received
daily injections of 120 pg/kg of LPS or an equivalent volumes of saline from
GD15 to GD17. Motor function was measured by grasping test between
PnD29 and PnD30 whereas dark-light box emergence test was used to quan-
tify the unconditional anxiety level (between PnD33 and PnD35). Two imag-
ing sessions were performed to evaluate the in vivo expression of mGIluR5
(PnD37-PnD39) and PBR (PnD42-PnD44). Abbreviations: GD, gestational
day; [''C] PBR28, peripheral benzodiazepine receptor 28; ['°F]FPEB,
["*F]fluoro-5-(2-pyridinylethynyl)benzonitrile; PnD, postnatal day.

box alternation were recorded during a 10-minute (min) session [16] [17].

2.4. Grasping Test

Animals were suspended by the forelimbs to a stretched cable of 2 mm diameter. The time mice remained
clinging to the cable was measured to assess muscular tone. Each animal underwent two tests and the best score
was kept.

2.5. PET Ligand and Imaging

Positron emission tomography imaging (PET) included studies mGluR5 using ["*F]FPEB and studies of in-
flammatory response using [''C]JPBR28 as radiolabeled ligands. For imaging studies animals were anesthetized
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 into the scanner (Triumph II, Trifoil
Imaging Inc). The level of anesthesia and vital signs were monitored throughout the imaging with the moni-
toring system of the scanner. For the PET imaging studies, radiolabeled ligand (["*F]JFPEB or [''C]PBR28, 0.2
mCi, specific activity of 1900 mCi/umol 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 min. After the PET data acquisition CT
(computed tomography) imaging was done to obtain data for attenuation correction and anatomical information.

PET data was 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 512 x 512 x 512 and
pixel size of 170 um. 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 injected dose and
the ligand concentration were calculated.

Kinetic analysis to determine binding potential of ["®*F]FPEB was done using PMOD3.208 software (PMOD
Technologies LTD, Zurich, Switzerland) and reference tissue method with cerebellum as an input function.
Since cerebellum does not express mGIuRS or the expression is minimal [18], the input function can be
processed from the data obtained from cerebellum in calculating regional maps for binding potential. Concern-
ing [''C]PBR28, cerebellum cannot be used as a reference tissue, since inflammation is not brain area specific.
The binding for [''C]PBR28 was determined as 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 binds only to membranous receptors.

2.6. Statistical Analyses

Values are expressed as mean +/— standard error of the mean (SEM). The normality and equivalence of vari-
ances were confirmed in all groups (Figure 2, Figure 3 and Figure 4), accordingly to Kolmogorov-Smirnov
and Shapiro-Wilk normality test and the Fisher test (variance analysis). Consequently, both sexes and prenatal
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3. Results
3.1. Effects of LPS Prenatal Immune Challenge in Brain [11C]PBR85 Binding of Offspring
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Figure 2. LPS prenatal treatment does not change the binding lev-
el of brain [''C]JPBR. (a) Coronal slices on striatal and hippo-
campal levels and axial and sagittal slices of the whole brain do
not show difference on [''C]JPBR28 accumulation in the mouse
prenatally exposed to saline or LPS. These images show minimal
accumulation in the brain indicating absence of inflammatory pro-
cesses. The observed accumulation is in the soft tissue areas out-
side the brain; (b) PET imaging using [''C]PBR28 targeting acti-
vated microglia did not show significant difference between va-
rious brain structures. Values are expressed as mean = SEM. Sta-
tistical analyses were performed using two-way analysis of vari-
ance (ANOVA). The number of males and females was 11 - 13
and 13 - 16 for saline group, whereas it was 15 - 17 and 9 - 13 for
LPS group. Abbreviations: CTX, cortex; CRBL, cerebellum;
F-LPS, female-LPS; F-Sal, female-saline; HC, hippocampus; HTH,
hypothalamus; M-Sal, male-saline; M-LPS, male-LPS; OB, olfac-
tory bulb; S, striatum; W, whole brain.

treatment were statistically analyzed with two-way ANOVA. Finally, coefficient of determination (r*) and the
significance of the degree of linear relationship between the various parameters were determined with a regres-
sion model. All statistical analyses were performed using JMP (version 9, SAS) and prism (version 4.0, Graph-
Pad Software Inc.) and are presented in Table 1.

LPS treatment did not significantly change [''C]PBR28 binding in hippocampus, cortex, hypothalamus, olfac-
tory bulb striatum or whole brain of adolescent offspring (Figure 2(a) and Figure 2(b)).

3.2. Modulation of ['8F]FPEB Binding Potential in Brain of LPS-Exposed Offspring

PET imaging revealed a significant reduction of ['*F]FPEB binding potential in hippocampus, but not in the
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Figure 3. Decreased binding potential of ['*F]JFPEB in hippo-
campus of LPS-exposed offspring. (a) Coronal slices on striatal
and hippocampal levels and axial and sagittal slices of the
whole brain show significant difference of ['*F]JFPEB accumu-
lation in the mouse prenatally exposed to saline or LPS. These
images show decreased ['*FJFPEB accumulation especially in
the hippocampal area of the LPS exposed mouse indicating sig-
nificantly decreased mGluR5 expression; (b) PET imaging re-
vealed a decreased binding potential of ['*FJFPEB in hippo-
campus of both males and females prenatally exposed to LPS,
without significant changes in other brain structures. Values are
expressed as mean £ SEM. Statistical analyses were performed
using two-way analysis of variance (ANOV A). The number of
males and females was 14 - 17 and 10 - 11 for saline group,
whereas it was 13 - 15 and 14 - 16 for LPS group. Abbrevia-
tions: CTX, cortex; F-LPS, female-LPS; F-Sal, female-saline;
HC, hippocampus; HTH, hypothalamus; M-Sal, male-saline;
M-LPS, male-LPS; OB, olfactory bulb; S, striatum; W, whole
brain. “p < 0.05.

cortex, hypothalamus, olfactory bulb striatum or the whole brain (Figure 3(a) and Figure 3(b)).

3.3. Effects of Prenatal Immune Challenge on Anxiety-Related Behavior and Motor
Abilities of Adolescent Offspring

LPS treatment did not change the weight of animals (Figure 4(a)) and the grasping score (Figure 4(b)) at
PnD29-30. In a dark-light emergency test, LPS-exposed offspring spent more time in light box (Figure 4(c)),
compared to control group. Further analysis revealed that LPS-exposed offspring did not cross the central part
frequently (Figure 4(d)), but spent more time per exploratory events in the light box (Figure 4(d)). Time spent
in light box correlated with the binding potential of ["*F]FPEB in hippocampus (Figure 4(e)).
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4. Discussion
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Figure 4. Reduction of unconditional anxiety level in adolescent offspring
prenatally exposed to LPS. (a) LPS prenatal exposition did not change the
weight of offspring at PnD30; (b) Dark-light box test showed that both
males and females exposed to LPS spent more time in the light compart-
ment; (c¢) Further analysis showed that the number of box alteration did
not significantly change in LPS-treated offspring. However, LPS-exposed
offspring spent more time per exploratory event in the light box; (d)
Grasping ability was similar between all groups; (e) The binding level of
['"*F]FPEB in hippocampus correlated negatively with the time spent in the
light box. Values are expressed as mean + SEM. Statistical analyses were
performed using two-way analysis of variance (ANOVA). Correlation was
determined by linear regression analysis. Each dot represents a single an-
imal. For panel A to D, the number of males and females was 25 - 29 and
22 - 23 for saline group, whereas it was 20 and 19 - 20 for LPS group.
Abbreviations: M-Sal, male-saline; F-Sal, female-saline; M-LPS, male-
LPS; F-LPS, female-LPS. "p < 0.05; “p <0.01; “"p < 0.001.

4.1. Prenatal Immune Challenge Did Not Induce Chronic Inflammation in Adolescent

Offspring

In brain, PBR (peripheral benzodiazepine receptor) is expressed in activated glial cells and it is an acceptable
target to investigate cerebral inflammation [19]. Targeting this receptor by PET imaging using [''CJPBR28, we
found that prenatal immune challenge did not induce long-term inflammation in brain of LPS-exposed offspring.
In accordance with this result, Cai et al. and Golan et al. have showed that brain inflammation induced by LPS
in late gestation occurs during less than 1 day after injection [15] [20], demonstrating that inflammation is tran-
sient in foetal brains. Since the new cells produced during development are not activated and do not express
PBR, the high neurogenic and gliogenic activity in late gestation is one factor that may explain why inflamma-
tion disappears rapidly in foetal brain [21]. PBR is useful to detect acute or chronic brain inflammation, but ex-
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Table 1. Statistical results.

: g T value value
regif; d Parameters Statistical analysis rlzg(l)rrll Sex wreat Inter Sex P wreat Inter
2B ['"SF] FPEB  Two-way ANOVA OB T=187 T=096 T=135 p=0.067 p=0.344 p=0.183
binding CTX T=-0.62 T=-1.02 T=089 p=0538 p=0315 p=0377
potential HTH T=080 T=-059 T=079 p=0429 p=0.557 p=0435
S T=045 T=-125 T=-0.11 p=0.654 p=0216 p=0.909
HC T=-072 T=-233 T=0.16 p=0472 p=0.023 p=0.873
% T=009 T=-122 T=004 p=0926 p=0228 p=0967
3B [''C]1PBR28  Two-way ANOVA OB T=-072 T=088 T=-135 p=0473 p=0380 p=0.183
binding CTX T=012 T=-0.18 T=08 p=0909 p=0.856 p=0.427
potential HTH T=014 T=158 T=011 p=088 p=0.120 p=0910
S T=-052 T=188 T=046 p=0.606 p=0.067 p=0.650

HC T=-046 T=036 T=-020 p=0.649 p=0.719 p=0.845
CRBL T=014 T=148 T=043 p=0.888 p=0.145 p=0.736

w T=-006 T=093 T=051 p=0950 p=0354 p=0.614
4A Weight  Two-way ANOVA T=-623 T=156 T=-084 p<0.001 p=0.122 p=0.404
4B Tirlri‘gehiplf;‘; i Two-way ANOVA T=-019 T=329 T=071 p=0.849 p=0.001 p=0.480
4C Alternation T=041 T=198 T=079 p=0680 p=0051 p=0434
4C Avef‘viifm"/ Two-way ANOVA T=-040 T=249 T=092 p=0688 p=0.015 p=0.361
4D Grasping time Two-way ANOVA - T=-152 T=-136 T=-045 p=0.132 p=0.176 p=0.650

Abbreviations: CTX, cortex; CRBL, cerebellum; F-LPS, female-LPS; F-Sal, female-saline; HC, hippocampus; HTH, hypothalamus; M-Sal, male-sa-
line; M-LPS, male-LPS; OB, olfactory bulb; S, striatum; W, whole brain; [”C]PBRZS, peripheral benzodiazepine receptor28; [IXF]FPEB, [ISF]ﬂu—
oro-5-(2-pyridinylethynyl)benzonitrile.

pression of this receptor cannot inform about the permanent brain abnormalities (network or neuromodulatory
impairments) induced by transient inflammatory mechanisms.

4.2. LPS Prenatal Immune Challenge Reduces [18F]FPEB Binding Potential in
Hippocampus

In vivo, the modulatory effect of inflammation on mGIluRS5 expression/signaling has been described, especially
under pathological conditions such as neuropathic pain [22], amyotrophic lateral sclerosis [23], spinal cord in-
jury [24], epilepsy [25], neonatal hippocampal ibotenic acid lesion [12] and multiple sclerosis [26]. All of these
studies reported an increased of mGluR5 in microglia or neurons. However, the functions of this upregulation
are not clear. Some animal studies have shown a beneficial anti-inflammatory effect of mGIuRS in a pathologi-
cal context [24] [27]. Surprisingly, we have observed a lower level of mGluRS5 in hippocampus of mice prena-
tally exposed to LPS, a neuro developmental model of foetal brain inflammation [15]. This difference in the
regulation of mGluRS5 can be explained by the absence of inflammation in our model. In the studies cited above,
all analyzes were made during inflammatory period or in a model of chronic inflammation. However, animals in
our study were more consistent with post-inflammatory model, excluding the direct modulation of inflammation
on mGluRS5. Therefore, the lower level of mGluRS5 in hippocampus probably reflects a natural decline in the
level of this receptor.

Interestingly, many synaptic and cellular abnormalities were reported in hippocampus of offspring prenatally
exposed to LPS during late gestation. For examples, Paintlia et al. have reported a decrease in the immunostain-
ing and mRNA levels of myelin basic protein in hippocampus of LPS-exposed offspring (PnD16 and PnD23,
single i.p. injection of 1 mg/kg at GD18) [28]. In adult offspring, a higher number of hippocampal pyramidal
cells with a smaller size (compared to control group) were observed in mice prenatally exposed to LPS (PnD270,
single i.p. injection of 120 pg/kg at GD17) [15]. It is also reported that LPS prenatal immune challenge reduces
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dendritic arborisation and dendritic length in CA1 (PnD10, 35 and 60, i.p. injections of 100 pg/kg at GD15 and
GD16) [29]. Finally, acceleration of age-dependent drop of long term depression and paired-pulse depression
was found in CA1 of LPS-exposed rat offspring (from PnD12-15 to PnD26-50, single i.p. injection of 500 pg/kg
at GD19) [30]. These observations demonstrate that LPS exposition in late gestation strongly impairs develop-
ment of hippocampus at cellular and synaptic levels. The lower level of mGIuRS in LPS-exposed offspring sug-
gests that the physiology of this receptor is sensitive to these cellular and synaptic dysfunctions. The change in
mGluRS5 cannot be induced by inflammation since we did not detect significant inflammation in brain of off-
spring prenatally exposed. Taken together, these results support the idea that the physiology of mGluRS5 is
strongly plastic: its expression is upregulated by inflammation and down regulated in developmental dysfunction
in synapses and cells. Our data suggests that mGluRS5 is a potent target to image or diagnose network distur-
bances.

4.3. Prenatal Exposition to LPS Reduces Anxiety in Adolescent Offspring and This
Behavioural Change Is Associated with the Level of Active mGluR5 in Hippocampus

We have found that the mice exposed prenatally with LPS spent more time in light box. Since the score in the
grasping test (motor ability) and the number of box alternations (motivation of animal to explore the box) were
not different between each group, the higher time spent in light box of LPS-exposed offspring did not involve
motor or motivational aspects. Consequently, this observation reflected a change in unconditional anxiety level.
When LPS-treated offspring moved in the light part, they spent more time to explore the light box (the most
stressful part of the box) because it was less anxious. In agreement with our results, a lower level of anxiety in
offspring prenatally exposed to LPS in late gestation was reported in some studies. Chlodzinska et al. have
found that adult mice offspring of LPS-treated dams spent more time in the central part of an open field arena
than mice in control group, an indication of low anxiety level (3 months of age, i.p. injection of 300 pg/kg at
GD16 and GD17) [31]. In addition, elevated plus maze revealed a lower anxiety level in rat offspring prenatally
exposed to LPS (PnD61-80, i.p. injection of 200 pg/kg at GD15 and GD16) [32]. In summary, all of these data
supports the idea that inflammatory processes in late gestation impair the development of brain circuits involved
in the regulation of anxiety.

Amygdala and hippocampus are two key structures involved in the regulation of anxiety [33]-[36]. An exci-
totoxic lesion in one of these two cerebral structures produces anxiolytic effects [35]. The regulation of anxiety
by hippocampus involves many neurotransmitters [36]. Interestingly, LPS-exposed offspring showed a lower
level of mGluRS5 expression in one of these two structures: the hippocampus. Our study shows that a physiolog-
ical down-regulation of mGluR5 expression in a part of this cerebral pathway is sufficient to produce the same
anxiolytic effect as the treatment with mGluR5 antagonist [3]-[7]. Taken together, these data suggest that
mGluRS5 in hippocampus-amygdala network is a key player in the regulation of anxiety.

5. Conclusion

This study supports the hypothesis that 1) inflammation modulates the physiology of mGIuRS5 and 2) this meta-
botropic glutamate receptor plays a key role in the regulation of anxiety. More precisely, our data show that
prenatal exposition to LPS induces down-regulation of mGluRS5 expression in hippocampus and decreases the
level of unconditioned anxiety, and both factors are correlated. These results confirm the plasticity of mGluR5
and show that physiological change in this receptor can be associated with behavioural phenotype. To conclude,
mGluRS5 is a new target for diagnostic imaging of behavioural impairments associated with anxiety, in addition
to its potential as therapeutic target.
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