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Microglial-related factors have been implicated in the signal-
ing cascades that contribute to neuronal cell death in various
neurodegenerative disorders. Thus, strategies that reduce
microglial activation and associated neurotoxicity may have
therapeutic benefit. Group II and III metabotropic glutamate
receptors (mGluRs) are expressed in microglia and can modu-
late microglial activity in primary cell cultures. We demonstrate
that the group I receptor member mGluR5 is highly expressed in
primary microglial cultures and the BV2 microglial cell line.
Activation of mGluR5 using the selective agonist (RS)-2-chloro-
5-hydroxyphenylglycine (CHPG) significantly attenuates
microglial activation in response to lipopolysaccharide and
interferon-vy, as indicated by a reduction in the expression of
inducible nitric-oxide synthase, production of nitric oxide and
tumor necrosis factor-a, and intracellular generation of reactive
oxygen species. In addition, microglial-induced neurotoxicity is
also markedly reduced by CHPG treatment. The anti-inflamma-
tory effects of CHPG are mediated by the mGluR5 receptor,
because either a selective mGluR5 antagonist or small interfer-
ence RNA knockdown attenuated the actions of this drug.
CHPG blocked the lipopolysaccharide-induced increase in
expression and enzymatic activity of NADPH oxidase. More-
over, the protective effects of CHPG were significantly reduced
when the NADPH oxidase subunits p227"°* or gp917"°* were
knocked down by small interference RNA. These data suggest
thatmGluR5 representsanovel target for modulating microglial-
dependent neuroinflammation, and may have therapeutic rele-
vance for neurological disorders that exhibit microglial-medi-
ated neurodegeneration.

A prominent feature of many neurological disorders such as
Alzheimer disease, Parkinson disease, multiple sclerosis, AIDS-
associated dementia, or brain trauma, is a prolonged localized
inflammatory response that contributes to the progressive loss
of neurons in discrete areas of the central nervous system (1).
Microglia, the resident immune cells in the brain, are highly
responsive to environmental stresses or immunological chal-
lenges and have been implicated as the predominant cell type
governing inflammation-mediated neuronal damage (2). In
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particular, activated microglia exert neurotoxic effects by
releasing inflammatory mediators such as eicosanoids, cyto-
kines, chemokines, and reactive free radicals (3). Although
these factors are necessary for immunological surveillance of
the local brain environment, microglial responses must be
tightly regulated so as to avoid over-activation and associated
neurotoxic effects (3).

Microglia respond to toxic agents, such as the bacterial endo-
toxin lipopolysaccharide (LPS)? and cytokines (e.g. interferon-y
(IFNv)), by releasing reactive oxygen species (ROS) (4, 5).
NADPH oxidase is an enzyme complex that plays a key role in
microglial production of ROS. The NADPH oxidase complex is
composed of cytosolic subunits (gp407°*, p477"°*, and p677"°%,
and the GTP-binding protein p21-Racl) and membrane sub-
units (gp9177°* and p227"°*) (6). Upon activation, protein
kinase C- and MAPK-mediated phosphorylation of the cytoso-
lic subunits results in their translocation to the membrane
where they assemble with membrane subunits to form the
active NADPH oxidase (7-9). The active enzyme complex pro-
duces O?", which is converted into superoxide-derived oxi-
dants such as H,O,, hydroxyl radicals, and peroxynitrite (10),
which are highly neurotoxic (3, 4). In addition, ROS generation
has important effects on microglia themselves, facilitating pro-
inflammatory pathways by activating MAPK and NF«B signal-
ing. The latter induces transcription of pro-inflammatory
mediators such as iNOS, nitric oxide (NO), and tumor necrosis
factor-a (TNFa); these factors induce a self-propagating cycle
that causes prolonged microglial activation and neuroinflam-
mation. Considerable evidence suggests that the over-activa-
tion of NADPH oxidase plays a key role in inflammation-medi-
ated neurodegeneration and may therefore be an important
target for therapeutic intervention (11, 12).

Metabotropic glutamate receptors (mGluRs) have been con-
sidered promising targets for neuroprotective drug discovery,
and many studies have focused on modulating mGluR activity
in neurons (13-16). However, mGluRs are also expressed on
astrocytes (17, 18) and microglia (19, 20), although their roles in
neuroinflammation have received limited attention to date.

2 The abbreviations used are: LPS, lipopolysaccharide; IFNv, interferon y; ROS,
reactive oxygen species; MAPK, mitogen-activated protein kinase; iNOS,
inducible nitric-oxide synthase; TNFqa, tumor necrosis factor-a; mGIuR,
metabotropic glutamate receptor; CHPG, (RS)-2-chloro-5-hydroxyphenyl-
glycine; MTEP, 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine; siRNA, small
interference RNA; PBS, phosphate-buffered saline; Pl, phosphoinositide;
ANOVA, analysis of variance; H,DCFDA, 2’,7'-dichlorodihydrofluorescein
diacetate; CPCCOEt, 7-(hydroxyimino)cyclopropalblchromen-1a-carboxy-
late ethyl ester.
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mGluRs are G-protein-coupled receptors that include at least
eight subtypes, which have been classified into three groups
based on their pharmacological profiles and signal transduction
pathways. Stimulation of group II mGluRs (mGluR2 and -3)
induce microglial activation, TNFa, and Fas ligand release,
leading to mitochondrial depolarization and neuronal apopto-
sis (21, 22). In contrast, activation of microglial group III recep-
tors (mGluR4, -6, and -8) may be protective (20). Of the group I
receptors (mGluR1l and -5) only mGluR5 mRNA has been
shown to be expressed in microglia (19); however, its functional
role in microglial activation and neuroinflammation has not
been examined.

In neurons, activation of mGIluR5 can inhibit caspase-de-
pendent neuronal apoptosis in cell culture models (23, 24), and
although mGluR5 antagonists have been reported to be neuro-
protective, such effects are unrelated to actions at the mGIluR5
receptor (25). In contrast, activation of mGluR1 exacerbates
neuronal cell death (23), whereas selective mGluR1 antagonists
are neuroprotective in vitro and in vivo (16, 26, 27). Group I
mGluRs are coupled to G, -proteins/phospholipase C stimu-
lation, causing increased inositol triphosphate and calcium
release, and activation of protein kinase C. Although mGluR1
and mGIuR5 share certain common signaling mechanisms,
they have remarkably different profiles in central nervous sys-
tem injury (23).

In this study, LPS and IFN+y models of microglial activa-
tion were used in BV2 and primary microglial cultures to
investigate the impact of mGIluR5 receptor activation on
microglial reactivity and neurotoxicity. We show that micro-
glia express functional mGIluR5 receptors, which upon acti-
vation negatively regulate the release of microglial-associ-
ated inflammatory mediators and related neurotoxicity.
Moreover, we demonstrate that the protective effects of
microglial mGIuR5 activation are mediated through the
inhibition of the NADPH oxidase enzyme, and suggest that
this novel strategy to reduce neuroinflammation may have
therapeutic relevance for many neurological disorders that
exhibit microglial-mediated neurodegeneration.

EXPERIMENTAL PROCEDURES

Microglial Cultures—Primary cortical microglial were
obtained from postnatal day 2 Sprague-Dawley rat pups and
cultured as described before (28). Briefly, the whole brain was
carefully dissected and homogenized in L15 media (Invitrogen).
Mixed glial cultures were incubated for 8 —10 days at 37 °C with
5% CO, in Dulbecco’s modified Eagle medium (Invitrogen)
with 10% fetal calf serum (HyClone, Logan, UT), 1% L-gluta-
mine (Invitrogen), 1% sodium pyruvate (Invitrogen), and 1%
Pen/Strep (Fisher, Pittsburgh, PA). After the initial incubation,
the cells were shaken for 1 h at 100 rpm and 37 °C. Detached
microglia were collected and replated as purified cultures with
greater than 96% purity. The BV2 murine microglial cell line
was kindly provided by Dr. Carol Colton (Duke University
Medical Center, Durham, NC). The cells were grown and main-
tained in Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum (HyClone) at 37 °C in a humidified
incubator under 5% CO.,.
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Drug Treatments—The mGIuR5 agonist, CHPG ((RS)-2-
chloro-5-hydroxyphenylglycine, 100 um to 10 mm), group 1
mGluR agonist, DHPG ((RS)-3,5-dihydroxyphenylglycine, 50
mm), and the mGlIuR1 antagonist, CPCCOEt (7-(hydroxyimi-
no)cyclopropa[b]chromen-1a-carboxylate ethyl ester, 100 um,
all from Tocris Bioscience, Ellisville, MO) were applied alone
and/or in combination to microglia for 1 h prior to LPS (Sigma-
Aldrich, 100 ng/ml) or recombinant mouse IFNy (R&D Sys-
tems, Minneapolis, MN, 0.5 and 2 ng/ml) stimulation. The
mGIuR5 antagonist, MTEP (3-[(2-methyl-1,3-thiazol-4-yl)-
ethynyl]pyridine, 10 um), was a gift from Merck Research Lab-
oratories (Rahway, NJ), and was administered 30 min prior to
CHPG administration. All drugs were prepared and stored
according to the manufacturer’s guidelines.

RNA Interference—Small interfering RNA (siRNA) contain-
ing a mixture of three targeted siRNAs for mouse mGIuR5,
p227"°* and gp91#"°* were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). BV2 microglia cultured in 24-well
plates were transfected with the appropriate siRNA (100 nm)
using Lipofectamine2000 (Invitrogen). After 24 h of transfec-
tion, cells were pre-treated with CHPG (4 mwm) for 1 h, stimu-
lated with LPS (100 ng/ml), and cultured for an additional 24 h.
Control siRNA duplex containing scrambled sequences
(Santa Cruz Biotechnology) was used in parallel experi-
ments. Optimal transfection efficiency and conditions were
determined by using fluorescein-labeled double strand RNA
oligomers (BLOCK-iT Fluorscent Oligo, Invitrogen). The
transfection efficiency of siRNA in BV2 microglia was ~50%
as determined by fluorescently labeled cells containing the
fluorescent-oligonucleotide siRNA 24 h after transfection
(data not shown). Effective gene knockdown was analyzed by
Western immunoblotting.

Immunocytochemistry—BV2 and primary cortical microglia
were seeded onto poly-D-lysine-coated coverslips in 24-well
plates at a density of 8 X 10° cells/well. After 24 h, cells were
pre-treated for 1 h with CHPG, stimulated with LPS, and incu-
bated for an additional 24 h. Cells were washed in warm PBS
and fixed in 4% paraformaldehyde for 15 min followed by three
washes with PBS for 10 min each. Cells were incubated in block-
ing buffer (10% normal goat serum in PBS containing 0.1% Tri-
ton X-100) for 2 h, followed by overnight incubation at 4 °C in
primary antibody (mGluR5, 1:100 (Abcam, Cambridge, MA);
ED1, 1:100 (AbD Serotec, Raleigh, NC); p22*°*, 1:50 (Santa
Cruz Biotechnology); and gp917°%, 1:100 (BD Transduction,
Franklin Lakes, NJ)). The next day, cells were washed with PBS
three times for 10 min, followed by appropriate secondary anti-
bodies (Alexa Flour 488 and Alexa Flour 546, 1:1000, (Molecu-
lar Probes, Carlsbad, CA)) for 1 h at room temperature, and
three washes with PBS. The coverslips were inverted and
mounted on a slide using Hydromount mounting media. Con-
focal fluorescence microscopy imaging was performed using
Zeiss 510 Meta confocal laser scanning microscope (LSM 510
META). Visualization of the fluorophores was achieved using
the 488-nm argon laser, and a 543-nm helium/neon laser.

Measurement of PI Hydrolysis—BV2 microglia, cultured in
96-well plates, were incubated overnight with 0.625 uCi/well
myo-[*H]Jinositol (PerkinElmer Life Sciences) to label the cell
membrane phosphoinositides (PIs). After two washes with
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5% CO, for the indicated time. Cells
were harvested by scraping with a
cell scraper and maintained on ice.
Samples were washed once with ice-
cold PBS and centrifuged at 2,000 X
g for 3 min. The cellular pellet was
resuspended in lysis buffer (60 mm
Tris-HCl, pH 7.8, containing 150
mMm NaCl, 5 mm EDTA, 10% glyc-
erol, 2 mm Na;VO,, 25 mMm NaF, 10
pg/ml leupeptin, 10 ug/ml aproti-
nin, 1 mMm 4-(2-aminoethyl)ben-
zenesulfonylfluoride hydrochloride,
1 mMm pepstatin, 1 uM microcystin
LR (all Sigma-Aldrich), and 1% Tri-
ton X-100 (Calbiochem)). The sam-
ples were lysed on ice for 30 min and
centrifuged at 20,000 X g for 15 min.
The soluble fraction containing
total cell extracts was recovered, the
protein concentration was deter-
mined, and samples were equalized.
Protein samples were resolved by
8-15% SDS-PAGE (Mini-Protean
3, Bio-Rad Laboratories), trans-
ferred onto nitrocellulose mem-
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FIGURE 1. Microglia express functional mGIuRS5 receptors. A, mGIuR5 receptor immunocytochemistry (red)
revealed strong mGIuR5 expression on control-and LPS-stimulated BV2 microglia. LPS stimulation (100 ng/ml)
resulted in microglia changing from a ramified to an amoeboid cell morphology and increased ED1 expression
(green). Magnification bars: X10 view = 100 um, and X40 view (inset) = 20 wm. B, Western immunoblotting
confirmed mGIuRS5 expression in cultured BV2 and primary cortical microglia, whereas mGIuR1« expression
was weak and negligible by comparison. Rat cortical neuron (RCN) samples were run alongside as a positive
control for mGluR1a. C, the selective mGIuR5 agonist, CHPG, stimulated significant phosphoinositide hydrol-
ysis in BV2 microglia (*, p < 0.05, versus control, ANOVA), thereby demonstrating the presence of a functional
mGIuR5 receptor. Values represent means = S.E. from at least five independent measurements.

Locke’s buffer (156 mm NaCl, 5.6 mm KCl, 3.6 mm NaHCO,, 1
mMm MgCl,, 1.3 mm CaCl,, 5.6 mM glucose, and 20 mm Hepes,
pH 7.4) incubations with CHPG were carried out for 1 hat 37 °C
in Locke’s buffer containing 20 mm LiCl to block inositol phos-
phate degradation. The reaction was terminated by aspiration
of media, and inositol phosphates were extracted with 0.1 m
HCl for 10 min. The separation of [*H]inositol phosphates was
performed by ion-exchange chromatography on AG 1-X8 resin
(200 —400 mesh, Bio-Rad). The samples were diluted 10 times
with water and applied to columns equilibrated in 0.1 m formic
acid. The columns were washed with 1 ml of water and 1 ml of
tetraborate buffer (5 mm sodium tetraborate, 60 mm sodium
formate). Total [®H]inositol phosphates were eluted from the
columns with 0.5 ml of 0.1 M formic acid/1 M ammonium for-
mate. The collected samples were mixed with Safety-Solve mix-
ture (RPI, Mount Prospect, IL) and measured by scintillation
counting.

Western Immunoblot Analysis—BV2 and primary cortical
microglia, cultured in 6-well dishes, were pre-treated for 1 h
with CHPG, stimulated with LPS, and incubated at 37 °C and
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brane (Optitran BA-S 85, What-
man, Dassel, Germany), and
blocked for a minimum of 1 h in
blocking buffer (5% skimmed milk
in PBS containing 0.05% Tween 20
(PBS-T)). Membranes were incu-
bated overnight at 4 °C with anti-
bodies for mGIuR5 (1:1,000,
Abcam), mGluR1« (1:1,000, Chemi-
con International, Billerica, MA),
iNOS (1:1,000, BD Transduction
Laboratories), p22”h‘”‘ (1:1,000,
Santa Cruz Biotechnology), gp917°* (1:1,000, BD Transduction
Laboratories), and B-actin (1:10,000, Sigma-Aldrich) in PBS-T
containing 1% skimmed milk. Membranes were washed (4 X 10
min in PBS-T), incubated in the appropriate horseradish per-
oxidase-conjugated secondary antibodies (anti-mouse IgG or
anti-rabbit IgG, 1:2,000, Jackson ImmunoResearch) for 1 h at
room temperature. Membranes were washed, and protein
complexes were visualized using SuperSignal West Dura
Extended Duration Substrate (Pierce). Protein immunoblots
were exposed to x-ray film (RPI Corp., Mt. Prospect, IL) and
processed using a Fuji x-ray processor. Protein bands were
quantitated by densitometric analysis using QuantityOne Basic
software (Bio-Rad). The data presented represents the density
of target protein divided by the density of the endogenous 3-ac-
tin in each sample, and are expressed in arbitrary units.

Nitric Oxide Assay—NO production was assayed using the
Griess Reagent Assay (Invitrogen), according to the manufac-
turer’s instructions.

TNFa Assay—A sandwich enzyme-linked immunosorbent
assay was used for detecting TNFa (R&D Systems, Minneapo-
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FIGURE 2. Selective stimulation of mGIuR5 attenuates microglial activation. A, CHPG dose-dependently
attenuated LPS-stimulated nitric oxide (NO) production in BV2 microglia. B, the group | mGIuR agonist, DHPG
(50 um), when applied to microglia in combination with the mGIuR1 antagonist, CPCCOEt (100 wm), signifi-
cantly attenuated LPS-stimulated NO production, whereas DHPG in combination with the mGIuR5 antagonist,

18,000 X g for 15 min to separate
mitochondria and nuclei, and the
supernatant was further centrifuged
at 100,000 X g for 1 h to obtain a
membrane-enriched fraction. Mem-
brane fractions (10 ug) were incu-
bated with dihydroethidium (10
uM) and DNA (1.25 pg/ml) in PBS/
+ DTPA with the addition of NADPH
3 (50 um), at a final volume of 120 ul
for 30 min at 37 °C in the dark. Flu-
orescence emissions were followed
in a cytofluorometer (excitation 490
nm and emission 590 nm). Data are
presented as percentage of control-
treated values.

Neurotoxicity Assay—BV2 micro-
glia were pre-treated for 1 h with
CHPG (4 mm), stimulated with LPS
(100 ng/ml), and incubated at 37 °C
and 5% CO, for 24 h. Conditioned
media from BV2 microglia was
added to confluent B35 neuroblas-
toma cells, and the cells were incu-
bated at 37 °C and 5% CO,, for a fur-
ther 24 h. Cell death was measured
by lactate dehydrogenase release
assay (CytoTox96™ non-radioac-
tive cytotoxicity assay, Promega,
Madison, WI) according to the
manufacturer’s instructions. Neu-
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MTEP (10 um), failed to modulate LPS-stimulated NO production. C, the mGIuR5 antagonist, MTEP (10 um),

reversed CHPG attenuation of LPS-stimulated NO production. D, CHPG attenuation of LPS-stimulated TNFa
production was significantly reduced in mGIuR5 siRNA-transfected BV2 microglia when compared with control
siRNA-transfected cells. mGIuR5 receptor knockdown was confirmed by Western immunoblotting (inset, rep-
resentative immunoblot of three independent experiments). For each of the above BV2 microglia were pre-
treated with various concentrations of drug for 1 h and stimulated with LPS (100 ng/ml) for 24 h. Values
represent means * S.E. from at least 6 independent measurements. ***, p < 0.001, versus control; *, p < 0.05,
+HF, p < 0.001 versus LPS;*#* p < 0,001 versus LPS+DHPG+CPCCOEt; ™ , p < 0.001 versus LPS+CHPG, ANOVA.

lis, MN) in culture supernatants. Assays were performed as per
the manufacturer’s instructions. Cytokine concentrations were
calculated using standard curves generated from recombinant
mouse TNFa, and the results were expressed in pg/ml.

Measurement of Intracellular ROS—Intracellular ROS levels
were measured by 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA). Briefly, BV2 microglia were pre-treated with
CHPG (4 mm) or apocynin (1 mm) and stimulated with LPS (100
ng/ml) for 24 h. The cells were incubated with 10 um
H,DCFDA (Molecular Probes, Eugene, OR) for 45 min at 37 °C
in 5% CO,. Fluorescence was measured using excitation and
emission wavelengths of 490 and 535 nm, respectively. Data are
presented as percentage of control-treated values.

NADPH Oxidase Activity Assay—NADPH oxidase activity
was assessed using a dihydroethidium-derived fluorescence
assay for NADPH oxidase in the microplate reader as previ-
ously described (29). Briefly, BV2 microglia, cultured in 6-well
plates, were pre-treated with CHPG (4 mm) or apocynin (1 mm)
and stimulated with LPS (100 ng/ml) for 4 and 24 h. Cell mem-
brane homogenates were obtained by centrifugation at
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ronal cell death was determined by
subtracting the lactate dehydrogen-
ase values in conditioned BV2
media (day 1) from lactate dehydro-
genase values in B35 neuroblastoma
media (day 2).

Statistical Analysis—For statisti-
cal analysis, data obtained from independent measurements are
presented as the mean * S.E., and they were analyzed using a
Student’s ¢ test or ANOVA followed by the post-hoc Newman-
Keuls Multiple Comparison Test. All statistical tests were per-
formed using the GraphPad Prism, Version 3.02 for Windows
(GraphPad Software, Inc., San Diego, CA). Differences were
considered significant for p < 0.05.

RESULTS

Microglia Express Functional mGIluRS Receptors—mGluRs
have been identified on microglia and other immune cells, but
the functional role of group I mGluRs on microglia have been
understudied. To demonstrate the expression of mGIuR5 on
microglia, immunohistochemical studies using antibodies
directed against mGIluR5 and ED-1, a marker of activated
microglia, were performed on BV2 microglia that had been cul-
tured in the presence or absence of LPS (100 ng/ml) for 24 h.
Strong mGluR5 immunolabeling was observed in control- and
LPS-stimulated microglia, and LPS treatment transformed the
microglia from a predominantly resting, flat cell morphology to
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FIGURE 3. mGIuR5 activation attenuates the release LPS-stimulated pro-inflammatory mediators and mi-
croglial-mediated neurotoxicity. LPS stimulation (100 ng/ml) in BV2 microglia significantly increased
iNOS expression at4, 15,and 24 h (A, panel i), NO production at 15 and 24 h (B), TNF« production at 1, 4, 15, and
24h (C) (***, p < 0.001, versus control, ANOVA). Pre-treatment of cells with CHPG (4 mm) significantly attenuated
LPS-stimulated increases in each measure at the times indicated (**, p < 0.01, ***, p < 0.001, versus LPS,
ANOVA). LPS stimulation also increased iNOS expression in primary cortical microglia (A, panel ii, ***,p < 0.001,
versus control, ANOVA) and CHPG pre-treatment significantly reduced iNOS expression after 24 h (***, p <
0.001, versus LPS, ANOVA). Conditioned media from LPS-stimulated microgliainduced B35 neuroblastoma cell
death (***, p < 0.001, versus control, ANOVA). However, pre-treatment of microglia with CHPG prior to LPS
stimulation and addition of conditioned media to neurons resulted in reduced cell death (***, p < 0.001,
versus LPS, ANOVA). Values represent means = S.E. from at least six independent measurements. Representa-
tive INOS immunoblots are shown in (A, panels i and ii).
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protein kinase C activation, and cal-
cium release. To demonstrate that
mGluR5 receptors on microglia are
functional, signaling mechanisms
downstream of the receptor were
assessed. Increasing concentrations
of CHPG, a selective mGluR5 ago-
nist, were added to BV2 microglia,
and hydrolysis of myo-[*H]inositol
was measured after 1 h. CHPG
treatment dose-dependently
creased PI hydrolysis with a signifi-
cantincrease at 5 mm (Fig. 1C, *, p <
0.05 versus control, ANOVA), dem-
onstrating Ga, activation and the
presence of functional mGIuR5
receptors on microglia.

Selective Activation of mGIuRS
Reduces Microglial Activation—To
determine if mGIluR5 stimulation
can modulate microglial activation,
BV2 microglia were cultured in
96-well plates and mGIuR5 ago-
nists/antagonists were added alone
or in combination for 1 h, and the
cells were subsequently stimulated
by LPS for a further 24 h. NO release
from microglia was measured as a
classic marker of activation. The
selective mGIuR5 agonist, CHPG,
significantly attenuated LPS-stimu-
lated NO production in a dose-de-
pendent manner starting at 1 mm
(Fig. 24, *, p < 0.05,***, p < 0.001
versus LPS, ANOVA). 4 mm CHPG
reduced LPS-stimulated NO pro-
duction by ~50%, and this concen-
tration was used for all subsequent
experiments. Moreover, a combina-
torial pharmacological approach
that targeted mGIuR5 receptor acti-
vation by adding the non-selective
group I mGluR agonist DHPG (50
uM) in the presence of a mGluR1l
antagonist, CPCCOEt (100 um),
also resulted in significant attenua-

in-

an activated, amoeboid-shaped morphology with intensified
ED-1 immunoreactivity (Fig. 14). Western immunoblot analy-
sis confirmed that mGIuR5 was clearly expressed in BV2 micro-
glia under control- and LPS-stimulated conditions, whereas
expression of the other group I mGluR, mGluR1e, was barely
detectable in these cells (Fig. 1B). Similarly, when the expres-
sion of these receptors was assessed in cultured primary cortical
microglia, mGluR5 was found to be highly expressed in control
and LPS-simulated cortical microglia, whereas mGluR1 expres-
sion was weak and negligible by comparison (Fig. 1B). Classic
activation of mGluR5 receptors results in Go, activation, phos-
pholipase C phosphorylation, phosphoinositide (PI) hydrolysis,
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tion of NO production in response to LPS stimulation (Fig. 2B,
T, p < 0.001 versus LPS, ANOVA). In contrast, combina-
tional pharmacology that targeted mGluR1 (DHPG (50 um) in
the presence of an mGIuR5 antagonist, MTEP (10 um)) did not
affect LPS-stimulated NO production in BV2 microglia. In
addition, the mGIuR5 antagonist MTEP (10 um) reversed
CHPG attenuation of LPS-stimulated NO production when it
was added to the cells prior to CHPG pre-treatment (Fig. 2C,
M p < 0.001 versus LPS+CHPG, ANOVA), suggesting that
CHPG acts through the mGIuR5 receptor. Application of
CHPG or MTEP in the absence of LPS did not result in micro-
glial activation or the release of NO (Fig. 2C). Furthermore,
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CHPG Attenuates the Release of
LPS-stimulated Pro-inflammatory
Mediators and Microglial-mediated
Neurotoxicity—Upon activation,
microglia exert neurotoxic effects
by releasing pro-inflammatory
mediators such as NO and TNFa.
We assessed the time course of
microglial activation following
LPS stimulation to see if mGIluR5
activation modulates the release of
pro-inflammatory mediators. Ex-
pression of iNOS protein was sig-
nificantly increased after 4 h of
stimulation, peaked at 15 h, and

Control LPS LPS+CHPG Control LPS LPS+CHPG  remained elevated through 24 h of

stimulation (Fig. 3Ai, ***, p <

& o 0.001 versus control, ANOVA).
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o i o iNOS expression was also assessed
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2 0 ? ) 0'5_ + stimulation resulted in increased
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P 2o r—— g = CHPG pre-treatment (Fig. 3Aii,

:LQ'; < 5<% =% p < 0.001 versus control, ",

a & 017 p < 0.001 versus LPS, ANOVA).

0.0 - 0.0- NO production was monitored

Con LPS  LPS+CHPG Con LPS LPS+CHPG over time in BV2 microglia and

FIGURE 4. mGIuRS5 activation reduces LPS-stimulated p22P"°* and gp91P"°* expression in microglia.
A, immunocytochemistry for the NADPH oxidase subunits p22°"°* (red) and gp91P"°* (green) in BV2 and
primary cortical microglia, revealed increased expression and membrane co-localization (merged) of both
subunits in activated microglia after LPS stimulation, which was considerably down-regulated by pre-
treatment with CHPG. Magnification bar = 20 um. B, Western immunoblotting confirmed that CHPG
pre-treatment significantly attenuated p22°"°*and gp91P"°* protein expression following LPS stimulation
in BV2 microglia (***, p < 0.001, versus control; *, p < 0.05, versus LPS, ANOVA). Values represent means =
S.E. from at least six independent measurements. Representative p22°"°* and gp917"* immunoblots are

shown in B.

siRNA knockdown of the mGIuR5 receptor reduced CHPG’s
protective effects following LPS stimulation. In BV2 micro-
glia that expressed scrambled control-siRNA, CHPG pre-
treatment resulted in a 57.74 = 2.98% reduction in LPS-
stimulated TNFa pro-inflammatory cytokine release (Fig.
2D). In contrast, in BV2 microglia expressing mGIluR5-
siRNA, CHPG pre-treatment resulted in only a 33.18 =
1.98% reduction. These data indicate that an approximate
57.46% loss of the effectiveness of CHPG was achieved when
the mGIuR5 receptor was knocked down in BV2 microglia
(Fig. 2D, ***, p < 0.001, Student’s t test). The incomplete
effect of mGluR5-siRNA on the actions of CHPG was due to
partial mGluR5 protein knockdown (~50%) probably result-
ing from a 50% transfection efficiency of siRNA oligonucleo-
tides in BV2 microglia (see “Experimental Procedures”).
These data suggest that the mGIluR5 receptor mediates the
modulatory actions of CHPG in microglia.
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was significantly elevated after 15
and 24 h stimulation with LPS
(Fig. 3B, ***, p < 0.001 versus con-
trol, ANOVA). As anticipated,
CHPG pre-treatment resulted in
attenuated levels of NO produc-
tion at both time points (" ", p <
0.001 versus LPS) thereby demon-
strating that mGluR5 activation attenuates NO release from
microglia after LPS stimulation. We measured the levels of
the pro-inflammatory cytokine, TNF«, over time and
observed elevated levels of microglial TNFa release as early
as 1 h post stimulation with highest TNFa levels between 4
and 24 h of stimulation (Fig. 3C, ***, p < 0.001 versus control,
ANOVA). CHPG pre-treatment significantly reduced LPS-
stimulated TNFa release from microglia as early as 1 h post-
treatment through 24-h post-treatment (', p < 0.01, "% 7,
p < 0.001 versus LPS). Thus, activation of mGIuR5 attenu-
ated microglial activation and reduced the release of pro-
inflammatory mediators that are known to induce neuronal
cell death. Furthermore, when conditioned media from LPS-
stimulated microglia was added to cultured B35 neuroblas-
toma cells, neuronal cell death, as measured by neuronal
LDH release, was significantly increased after 24 h (***, p <
0.001 versus control, ANOVA). However, pre-treatment of
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microglia with CHPG prior to LPS stimulation and addition
of conditioned media to neurons significantly reduced neu-
ronal cell death (** 7, p < 0.001 versus LPS), demonstrating
the neuroprotective effect of stimulating microglial mGluR5
receptors.

mGIuRS Activation Inhibits Microglial NADPH Oxidase
Activity and LPS-generated ROS—ROS generated by NADPH
oxidase is an early microglial response to environmental
stresses or immunological challenges that often leads to neuro-
toxicity. Because NADPH oxidase mediates LPS-induced neu-
rotoxicity and pro-inflammatory gene expression in activated
microglia (4), we investigated whether mGIuR5 activation
might modulate microglial NADPH oxidase activity and the
subsequent generation of ROS in our model. We first assessed
the expression of the membrane subunits of the NADPH oxi-
dase complex, p22#°* and gp917"°%, following stimulation with
LPS for 24 h in BV2 or primary cortical microglia (Fig. 44). LPS
stimulation increased p22?”°* and gp917*°* immunostaining
that co-localized at the membrane of activated microglia in BV2
and primary cortical cultures. Pre-treatment of microglia for
1 h with CHPG decreased p227"°* and gp91?"°* immuno-
staining that was diffusely distributed throughout the cell, sim-
ilar to control-treated microglia. Quantitative analysis of
p227%°% and gp917°* expression by Western immunoblotting
confirmed a significant increase in p227"°* and gp917"**
expression after LPS stimulation (Fig. 4B, ***, p < 0.001 versus
Control, ANOVA) that was significantly reduced by pre-treat-
ment with CHPG (¥, p < 0.05 versus LPS). These data demon-
strate that mGIuR5 activation down-regulates the expression of
the NADPH oxidase components p222”°* and gp917*°* follow-
ing LPS stimulation.

The enzymatic activity of NADPH oxidase was assessed in
BV2 microglia that were stimulated for 4 or 24 h, with LPS
and/or prior pre-treatment with CHPG or the NADPH oxidase
inhibitor apocynin (1 mm). LPS caused a significant increase in
NADPH oxidase activity after 4 h of stimulation (Fig. 54, ***,
p < 0.001 versus Control, ANOVA) while pre-treatment with
CHPG attenuated the activity of NADPH oxidase, returning it
to controllevels (", p < 0.001 versus LPS). Application of the
NADPH oxidase inhibitor apocynin prior to LPS stimulation
resulted in a comparable reduction in NADPH oxidase activity
(""", p < 0.001 versus LPS). Incidentally, NADPH oxidase
activity was also increased after 24 h of stimulation, but did not
reach statistical significance; both treatments reduced NADPH
oxidase activity at this time point (data not shown). Finally,
intracellular ROS generation was measured in BV2 microglia
via DCFH oxidation. DCFH-DA enters cells passively and is
deacetylated by esterase to non-fluorescent DCFH. DCFH
reacts with ROS to form dichlorodifluorescein, the fluorescent
product. Intracellular ROS was generated in BV2 microglia that
had been stimulated with LPS for 24 h (Fig. 5B, ***, p < 0.001
versus control, ANOVA). Pre-treatment of microglia with
CHPG or apocynin caused a significant, comparable reduction
in intracellular ROS production in response to LPS stimulation
("%, p<0.01 and ¥, p < 0.05 versus LPS), and application of
CHPG or apocynin in the absence of LPS resulted in no ROS
generation. Thus, activation of mGIluR5 by CHPG reduces
p227"°% and gp917”°* expression and membrane co-localiza-

JUNE 5, 2009+ VOLUME 284+NUMBER 23

mGIluR5 and NADPH Oxidase
A *k*k

> 1507
£
%: +++
o £ 100 ——= =
g =
o 3
3%
T 507
n_--...«
a
<
< 0
LPS(100ng/ml) - + + +
CHPG@mM) - - + -
Apo(1mM) - - - +
B 250-
k%
c __ 200
23 ++ =
s T
& T 150
S 100
8=
@ 504
0
LPS(100ng/ml) - + + - + -
CHPG@MM) - - + + - -
Apo(tmM) - - - -+ 4+

FIGURE 5. mGluR5 activation inhibits microglial NADPH oxidase activity
and intracellular ROS generation. A, LPS stimulation of BV2 microglia
resulted in increased microglial NADPH oxidase enzymatic activity after 4 h
(***, p < 0.001, LPS versus control, ANOVA). Pre-treatment of microglia with
CHPG or the NADPH oxidase inhibitor, apocynin (1 mm), significantly reduced
LPS-stimulated NADPH oxidase activity (* **, p < 0.001, versus LPS, ANOVA).
B, LPS stimulation caused significant intracellular ROS generation in BV2
microglia after 24 h (***, p < 0.001, versus control, ANOVA). Pre-treatment
with CHPG or apocynin, significantly reduced LPS-stimulated ROS production
(*,p<<0.05and **,p <0.01,versus LPS, ANOVA) at this time, whereas neither
drug had any effect on its own. Values represent means =+ S.E. from at least six
independent measurements.

tion, blocks the enzymatic activity of NADPH oxidase complex,
and attenuates intracellular ROS generation in microglia fol-
lowing LPS stimulation.

siRNA Knockdown of p22°"°* and gp91°"°* Reduces the Pro-
tective Effects of mGIuRS Activation—To confirm that inhibi-
tion of NADPH oxidase is a key mechanism through which
CHPG attenuates microglial activation, we used siRNA to
knockdown the expression of NADPH oxidase components
p2274°% or gp917"°*, Western immunoblotting was performed
to determine protein knockdown by targeted siRNA: p22#°* or
gp917"°* protein expression was reduced by 52 and 60%,
respectively, compared with control siRNA-transfected cell
levels (Fig. 6A, panels i and ii). Because mGIuR5 receptor acti-
vation by CHPG pre-treatment significantly attenuates LPS-
stimulated NO and TNF« release from BV2 microglia (Figs. 24
and 3C), these pro-inflammatory mediators were measured in
control-, p227°*., and gp917"°*-siRNA-transfected cells to
determine if NADPH oxidase knockdown alters the protective
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1 h and subsequently stimulated
with increasing concentrations of
IFNy (0.5 and 2 ng/ml) for a further
24 h. IFNy dose-dependently stim-
ulated the production of NO (Fig.
74, ***, p < 0.001 versus control,
ANOVA), while CHPG pre-treat-
ment reduced IFNvy-stimulated NO
production by more than 50% at

1 g o both concentrations ("7, p <

500 0.001 versus IFNvy, ANOVA). Simi-

larly, IFNy-stimulated microglia
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FIGURE 6. siRNA knockdown of p22P"°* and gp91°"°* reduces the protective effects of mGIuR5 activa-
and 60% reduction in gp91
protein expression when BV2 microglia were transfected with p22P"°*_siRNA (i) and gp91”h‘“—siRNA (ii) as
compared with scrambled control-siRNA-transfected cells. Representative immunoblots are shown of six inde-
pendent measurements. B, CHPG attenuation of LPS-stimulated NO production was significantly reduced in
p22°Pho*- and gp91P"**-siRNA-transfected BV2 microglia when compared with control-siRNA transfected cells

tion. A, Western immunoblotting demonstrated a 52% reduction in p22

phox

studies suggest that mGIluR5 acti-
vation suppresses key pro-inflam-
matory signaling pathways that
are involved in microglial-medi-
ated neurodegeneration.

phox

(***, p < 0.001, versus control, ANOVA). C, CHPG attenuation of LPS-stimulated TNF« release was significantly

reduced in p22°"°*- and gp91P"°*-siRNA-transfected BV2 microglia when compared with control-siRNA trans-

DISCUSSION

fected cells (***, p < 0.001, versus control, ANOVA). Values represent means = S.E. from at least sixindependent

measurements.

actions of CHPG. In BV2 microglia that expressed the scram-
bled control-siRNA, CHPG pre-treatment resulted in a 54.98 =
1.59% reduction in LPS-stimulated NO release (Fig. 6B). In con-
trast, in BV2 microglia expressing p22”°*- or gp917"°*-siRNA,
CHPG pre-treatment caused a 33.76 = 1.22% and 28.73 *
2.22% reduction, respectively. Similarly, CHPG pre-treatment
in control-siRNA microglia resulted in a 54.52 * 2.82% reduc-
tion in LPS-stimulated TNF« release (Fig. 6C), whereas CHPG
treatment in p22#”°*- or gp917"°*_siRNA microglia resulted in a
38.28 * 2.04% and 34.73 = 3.88% reduction in TNF« release,
respectively. These data indicate that a reduction in NADPH
oxidase membrane subunits p22?°* or gp917"°* by between 50
and 60% results in an approximate 38% loss of the effectiveness
of CHPG. These data suggest that a key mechanism through
which CHPG reduces microglial activation, and the release of
pro-inflammatory mediators is by directly inhibiting the
NADPH oxidase complex.

mGIuRS  Stimulation Also Attenuates IFNvy-dependent
Microglial Activation—To determine if CHPG’s modulatory
effects on microglia were unique for LPS stimulation an alter-
native central nervous system immuno-activator was tested.
The pro-inflammatory cytokine, IFNvy, stimulates microglial
activity (5) and participates in microglial-mediated neurotoxic-
ity (30). BV2 microglia were pre-treated with CHPG (4 mwm) for
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In addition to their expression on
neurons, mGluRs are expressed on
other cells, including microglia,

macrophages, astrocytes, and lymphocytes (17, 18, 20, 21, 31,
32). In this study we used an established murine microglial cell-
line (BV2 microglia) to investigate the modulatory role of
microglial mGIuR5 receptor activation and confirmed key
observations in cultured primary cortical microglia. We dem-
onstrate that mGIuR5 is expressed in cultured microglia,
whereas the other group I mGIuR, mGluRl, is minimally
expressed; this profile is consistent with the previous report of
mGIluR5 mRNA expression in microglia (19). Importantly,
microglial mGIuR5 receptors are functional as demonstrated
by phosphoinositide hydrolysis and activation of the classical
signaling pathways when stimulated by the selective mGIluR5
agonist CHPG. Activation of mGIuR5 negatively regulates the
release of microglial associated inflammatory mediators in
response to the bacterial endotoxin LPS and the pro-inflamma-
tory cytokine IFNvy. Moreover, mGIluR5 activation prevents
microglial-mediated neuronal cell death. To verify that these
effects were mediated by the mGIuR5 receptor, rather than a
non-receptor related mechanism, we demonstrated that CHPG
effects were markedly reduced by a selective mGIluR5 receptor
antagonist or by protein knockdown using siRNA. Further-
more, we propose that the protective effects of mGluR5 activa-
tion are mediated by the inhibition of microglial NADPH oxi-
dase complex because CHPG blocked NADPH oxidase
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FIGURE 7. mGIuR5 activation attenuates IFNy-stimulated microglial acti-
vation and the release of pro-inflammatory mediators. BV2 microglia
were pre-treated with CHPG (4 mwm) for 1 h and stimulated with increasing
concentrations of IFNvy (0.5 and 2 ng/ml) for a further 24 h. A, IFNy dose-de-
pendently stimulated the production of NO in microglia (***, p < 0.001 versus
control, ANOVA), while CHPG pre-treatment significantly attenuated IFN+y-
stimulated NO production (""", p < 0.001 versus IFN-y, ANOVA). B, IFN-y dose-
dependently stimulated the release of increasing concentrations of TNFa
from microglia (***, p < 0.001 versus control, ANOVA), whereas CHPG pre-
treatment significantly attenuated IFNy-stimulated TNFa release (""", p <
0.001 versus IFNy, ANOVA). Values represent means = S.E. from at least six
independent measurements.

enzymatic activity and reduced the expression of its membrane
subunits p2277°* and gp917"°*, In addition, the protective
effects of CHPG were significantly reduced when the p227%°* or
gp917°* subunits of NADPH oxidase complex were knocked
down by siRNA.

The pro-inflammatory mediators NO and TNFa have been
shown to contribute to neuronal damage and death in vitro and
in vivo (22, 33-35). NO is associated with neuronal cell death
through the production of the toxic metabolite peroxynitrite or
via direct actions on mitochondrial and cellular lipid mem-
branes (36, 37). High levels of NO induce neuronal death by
inhibiting mitochondrial cytochrome oxidase and neuronal
respiration, causing depolarization and glutamate release fol-
lowed by excitotoxicity via N-methyl-p-aspartic acid receptors
(38—40). In this study, we show that stimulation of microglial
mGIuR5 receptors using two pharmacological approaches
(CHPG and DHPG/CPCCOEt combination) attenuates LPS-
stimulated NO production by inhibiting the expression of
iNOS. In addition, mGIuR5 receptor activation by CHPG sig-
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nificantly suppresses the release of TNFe, a powerful pro-in-
flammatory mediator that stimulates many neuroinflammatory
cascades. TNFa can also cause cell death directly by binding to
neuronal TNFa receptors linked to death domains that activate
caspase-dependent apoptosis (41) or by potentiating glutamate
release by blockade of glutamate transporter activity, thereby
enhancing excitotoxicity (35). Finally, TNFa also drives self-
propagating cycles of microglial activation and neuroinflam-
mation by inducing microglial NADPH oxidase activity and
additional release of O>~ and superoxide-derived oxidants (42).

Superoxide and its downstream products are highly reactive,
and excessive production of free radicals damages cellular pro-
teins, lipids, and DNA, leading to cell death (10). Neurons are
vulnerable to oxidative stress and oxidative damage appears to
contribute to neuronal cell death in a number of neurodegen-
erative disease (3). NADPH oxidase has been implicated in the
neurotoxic mechanisms of dopaminergic neurotoxic com-
pounds (eg 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine,
rotenone, and paraquat), aggregated proteins (e.g. a-synuclein
and B-amyloid), environmental toxins (e.g. nanometer-size die-
sel particles), and inflammogens (e.g. LPS) (4, 43—48). These
toxins are thought to contribute to the pathogenesis of numer-
ous neurodegenerative diseases; as such over-activated micro-
glial NADPH oxidase likely plays a key role in inflammation-
mediated neurodegeneration. We show that mGIuR5
activation inhibited NADPH oxidase activity following 4 h of
LPS stimulation in a manner similar to the direct inhibition of
the NADPH oxidase complex by apocynin. Furthermore,
mGIuR5 activation down-regulated the expression of the
NADPH oxidase membrane components p22?”°* and gp917"**
following LPS stimulation. We propose that this may be a key
mechanism of mGIuR5’s actions, because siRNA knockdown of
p227"°% or gp917”°* significantly reduced the protective effects
of stimulating microglial mGIuR5 receptors. An outcome of
these actions is a significant reduction of intracellular ROS gen-
eration in response to LPS, which under normal hyperactive
conditions would lead to self-propagating microglial activation
and further release of inflammatory mediators. The effects of
microglial mGIuR5 receptor activation reduces B35 neuroblas-
toma cell death following LPS stimulation; most probably
resulting from the inhibition of NADPH oxidase and pro-in-
flammatory mediators such as iNOS and TNF e, which are neu-
rotoxic (37, 38, 49). NADPH oxidase-derived ROS has been
shown to mediate the effects of LPS and IFNy on the expression
of iNOS and pro-inflammatory cytokines in microglia (5, 50).
Furthermore, NADPH oxidase inhibition blocks MAPK, NFkB,
and STAT1 signaling pathways, thereby modulating tran-
scription factor activation and gene expression (5). Thus, the
protective effects of mGIluR5 activation in microglia may
reflect, in part, inhibition of NADPH oxidase-derived ROS
generation and the subsequent reduced expression of pro-
inflammatory mediators and neurotoxic substances.

Other mGluR receptors expressed on microglia may also
modulate microglial-mediated neurotoxicity. Activation of
microglial group III mGluRs by L-(+)-2-amino-4-phospho-
nobutyric acid or (RS)-4-phosphophenylglycine reduces neuro-
toxicity after microglial stimulation with LPS and chromogra-
nin A (20). Another report confirmed the protective effects of
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group III mGluR activation in a model of myelin-induced
microglial neurotoxicity; interestingly, they found that activa-
tion of the group II receptor mGIluR3 was neuroprotective,
whereas activation of mGIuR2 exacerbated myelin-induced
microglial neurotoxicity (51). This sub-type specific response is
also apparent in astrocyte-neuronal cultures, where mGIluR3
activation confers protection while mGIuR2 activation may be
harmful to neurons (52). In neurons, the same is true for group
I mGluRs. mGluR1 agonists exacerbate necrotic cell death (23)
and selective antagonists are neuroprotective (16, 26, 27),
whereas mGluR5 activation inhibits caspase-dependent neuro-
nal apoptosis and appears to provide neuroprotection in animal
studies (24). The present findings suggest that the neuroprotec-
tive effects of CHPG may also reflect mGluR5 receptor-medi-
ated attenuation of microglial activation; when coupled with its
anti-apoptotic effects on neurons, such treatment may have
powerful multipotential neuroprotective actions (for review see
Ref. 53).

Short term mGluR5 activation can have long lasting neuro-
protective effects. For example, in a rat model of focal cerebral
ischemia CHPG administration reduced the infarct volume and
improved neurological function at 24 h after middle cerebral
artery occlusion/reperfusion (54). More recently we have
shown that CHPG treatment improves functional motor recov-
ery, reduces lesion volume, and increases white matter sparing
at 28 days after spinal cord injury (55). Furthermore, short term
administration of CHPG significantly attenuated microglial
activation and dose-dependently reduced the release of micro-
glial-derived neurotoxic mediators. Uncontrolled microglial-
mediated inflammation and related neuronal damage appears
to propagate a positive feedback loop that leads to progressive
microglial activation/neuronal loss, which may contribute to
the chronic progression of neurodegenerative diseases such
Alzheimer and Parkinson diseases (1). Given that microglial-
mediated inflammation and apoptotic neuronal cell death have
each been implicated in neurodegeneration, mGIluR5 may be a
promising target for the treatment of both acute central nerv-
ous system injury and chronic neurodegenerative disorders.
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