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Abstract Traumatic brain injury (TBI) causes microglial ac-
tivation and related neurotoxicity that contributes to chronic
neurodegeneration and loss of neurological function. Selec-
tive activation of metabotropic glutamate receptor 5
(mGIluR5) by the orthosteric agonist (RS)-2-chloro-5-
hydroxyphenylglycine (CHPG), is neuroprotective in experi-
mental models of TBI, and has potent anti-inflammatory
effects in vitro. However, the therapeutic potential of CHPG
is limited due to its relatively weak potency and brain perme-
ability. Highly potent, selective and brain penetrant mGluRS
positive allosteric modulators (PAMs) have been developed
and show promise as therapeutic agents. We evaluated the
therapeutic potential of a novel mGIluRS5 PAM, VU0360172,
after controlled cortical impact (CCI) in mice. Vehicle,
VUu0360172, or VU0360172 plus mGluRS5 antagonist
(MTEP), were administered systemically to CCI mice at 3 h
post-injury; lesion volume, hippocampal neurodegeneration,
microglial activation, and functional recovery were assessed
through 28 days post-injury. Anti-inflammatory effects of
VUO0360172 were also examined in vitro using BV2 and
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primary microglia. VU0360172 treatment significantly re-
duced the lesion, attenuated hippocampal neurodegeneration,
and improved motor function recovery after CCI. Effects were
mediated by mGIuRS5 as co-administration of MTEP blocked
the protective effects of VU0360172. VU0360172 significant-
ly reduced CD68 and NOX2 expression in activated microglia
in the cortex at 28 days post-injury, and also suppressed pro-
inflammatory signaling pathways in BV2 and primary mi-
croglia. In addition, VU0360172 treatment shifted the balance
between M1/M2 microglial activation states towards an M2
pro-repair phenotype. This study demonstrates that
VU0360172 confers neuroprotection after experimental TBI,
and suggests that mGluRS5 PAMs may be promising therapeu-
tic agents for head injury.

Keywords Traumatic brain injury - Metabotropic glutamate
receptor 5 - Positive allosteric modulator - Neuroprotection -
Functional recovery - Microglial activation

Introduction

Allosteric modulators target a site on receptors separate from
the orthosteric binding site of the endogenous ligand, and can
either potentiate (positive allosteric modulator; PAM) or in-
hibit (negative allosteric modulator; NAM) receptor function
[1]. For some G-protein coupled receptors (GPCRs), allosteric
modulators can provide greater subtype selectivity than
orthosteric ligands. Further, allosteric modulators can display
functional selectivity by targeting downstream signaling path-
ways critical for therapeutic efficacy without modulating sig-
naling pathways that may lead to adverse side effects [2].
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Metabotropic glutamate receptors (mGluRs) are GPCRs
that are promising drug targets for psychiatric and neurode-
generative diseases [3], as well as CNS injury [4]. mGluRs are
divided into three subgroups based on agonist binding, signal
transduction pathways, and sequence homology [3]. Group I
mGluRs include mGluR1 and mGluRS5, which are coupled to
Gg11 and mediate IP5/Ca*" signal transduction. In neurons,
group I mGluRs are localized post-synaptically where they
regulate cell excitability and post-synaptic efficacy [3]. Al-
though mGluR1 and mGluRS share certain common signal
transduction mechanisms, they show remarkably different
profiles in CNS injury [4]. Agonists of mGluR1 exacerbate
necrotic cell death [5], whereas selective antagonists of
mGlIuR1 are neuroprotective in vitro and in vivo [6-8]. In
contrast, activation of mGIluRS5 inhibits caspase-dependent
apoptosis and is neuroprotective in neuronal cell death models
in vitro [5, 9—11] and in multiple CNS injury models [12—17].

mGluRs are also expressed on glia (astrocytes, microglia
and oligodendrocytes) and are activated under normal physi-
ological as well as pathophysiological conditions [18]. We
have shown that mGluRS5 is expressed in microglia [19], and
that a selective mGIuRS5 orthosteric agonist, (RS)-2-chloro-5-
hydroxyphenylglycine (CHPG), reduced microglial activation
and the associated release of pro-inflammatory mediators
following stimulation with either lipopolysaccharide (LPS)
or interferon-y (IFNvy) [19, 20]. CHPG treatment also reduced
NADPH oxidase (NOX2) activity levels and abolished the
neurotoxic potential of activated microglia in microglia/
neuron co-culture models. The protective effects of CHPG
were blocked by mGluRS knockout or by addition of the
mGIuRS5 antagonist, MTEP, demonstrating a selective
mGluR5-mediated neuroprotective effect [19, 20]. Further-
more, we demonstrated that siRNAs directed against either
of the two membrane subunits of NOX2 (p22P"* or gp91°"°¥)
abolished CHPG’s anti-inflammatory effects, which indicated
that its protective actions are mediated, in part, by inhibition of
NOX2 in microglia [20].

Following experimental traumatic brain injury (TBI) we
found that acute central administration of CHPG significantly
limited post-traumatic sensorimotor and cognitive deficits,
reduced lesion volumes, and attenuated post-traumatic
microglial activation [16]. Further, we demonstrated persistent
microglial activation in the TBI cortex through 1 year post-
injury that was associated with progressive lesion expansion
and hippocampal neurodegeneration [21]. Remarkably, a
markedly delayed, single dose central administration of
CHPG at 1 month post-TBI, reduced microglial activation,
limited lesion progression, decreased hippocampal neurode-
generation and white matter loss, and significantly improved
motor and cognitive recovery after experimental TBI [13].
These data indicate that targeting of mGIuRS, even as late as
1 month post-injury, is highly neuroprotective after TBI.
However, CHPG has a number of potential problems as a
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therapeutic agent. These include limited selectivity, poor pen-
etration through the blood-brain barrier, and rapid desensiti-
zation of the mGIuR5 receptor [22].

In recent years a number of mGluR5 PAMs have been
developed and investigated as potential treatment for CNS
conditions ranging from schizophrenia and anxiety disorders
[23-26] to learning and cognition-related problems [27-30].
We demonstrated recently that selected first-generation
mGluRS5 PAMs significantly attenuated both LPS- and
IFNy-induced nitric oxide (NO) and tumor necrosis factor-oc
(TNF ) release in cultured microglia [31], with higher poten-
cy compared to the orthosteric agonist, CHPG. These data
support the use of mGluRS PAMs as anti-inflammatory based
neuroprotective agents.

Here, we evaluated the therapeutic potential of a novel
mGIuR5 PAM, VU0360172, in the controlled cortical impact
(CCI) model in mice, and hypothesized that VU0360172
would confer neuroprotection after TBI by modulating post-
traumatic neuroinflammation. VU0360172 (N-Cyclobutyl-
6-[2-(3-fluorophenyl)ethynyl]-3-pyridinecarboxamide hydro-
chloride) is a highly potent mGIuR5 PAM (EC5y=16 nM; K;=
195 nM) that has no significant effect on the agonist response
of mGluRs 1, 3, or 4 [32]. VU0360172 is an aqueous soluble
and orally bioavailable drug that penetrates the CNS and dose-
dependently reduces amphetamine-induced hyper-locomotion
in a rodent model of antipsychotic activity [32]. We adminis-
tered VU0360172 systemically after CCI and evaluated func-
tional recovery through 28 days post-injury, as well as lesion
volume, hippocampal neurodegeneration and microglial acti-
vation. The potential anti-inflammatory effects of
VU0360172 treatment were evaluated in vitro using BV2
and primary mouse microglia.

Methods
Controlled Cortical Impact

All surgical procedures were carried out in accordance with
protocols approved by University of Maryland School of
Medicine Institutional Animal Care and Use Committee
(IACUC). Our custom-designed CCI TBI device [33] consists
of a microprocessor-controlled pneumatic impactor with a
3.5 mm diameter tip. Adult male C57B1/6 mice (3 months
old, 22-25 g; Taconic Farms, Rensselaer, NY) were anesthe-
tized with isoflurane evaporated in a gas mixture containing
70 % N>O and 30 % O, and administered through a nose mask
(induction at 4 % and maintenance at 2 %). Depth of anesthe-
sia was assessed by monitoring respiration rate and pedal
withdrawal reflexes. Mice were placed on a heated pad, and
core body temperature was maintained at 37 °C. The head was
mounted in a stereotaxic frame, and the surgical site was
clipped and cleaned with Nolvasan and ethanol scrubs. A
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10-mm midline incision was made over the skull, the skin and
fascia were reflected, and a 4-mm craniotomy was made on
the central aspect of the left parietal bone. The impounder tip
of the injury device was then extended to its full stroke
distance (44 mm), positioned to the surface of the exposed
dura, and reset to impact the cortical surface. Moderate-level
CCI was induced using an impactor velocity of 6 m/s and
deformation depth of 2 mm. After injury, the incision was
closed with interrupted 6-0 silk sutures, anesthesia was termi-
nated, and the animal was placed into a heated cage to main-
tain normal core temperature for 45 min post-injury. All
animals were monitored carefully for at least 4 h after surgery
and then daily. Sham animals underwent the same procedure
as injured mice except for the impact.

Drug Treatments

At 3 h and 24 h post-injury sham-injured and CCI mice
received an intraperitoneal (i.p.) injection of the
mGIluRS PAM, VU0360172 {N-cyclobutyl-6-[2-(3-
fluorophenyl)ethynyl]-3-pyridinecarboxamide hydrochloride;
50 mg/kg in saline + 10 % Tween-80} or equal volume vehicle
(saline + 10 % Tween-80). A 5 mg/ml stock of VU0360172
was prepared and injected intraperitoneally at 10 ml/kg
resulting in a final dose of 50 mg/kg per animal. Another
group of TBI mice received the selective mGluRS an-
tagonist 3-[(2-Methyl- 4-thiazolyl)ethynyl]pyridine
(MTEP; 10 mg/kg in saline) by intraperitoneal injection
15 min prior to VU0360172 treatment. Drug dosages
were based upon prior in vivo pharmacological studies
for VU0360172 in rodents [32], and MTEP administra-
tion following CCI in mice [13]. Sham-injured (craniot-
omy only) vehicle- and VU0360172-treated mice were
included as controls in the study. The following n were
included for each group: sham (vehicle)=9, sham
(VUO0360172)=8, TBI (vehicle)=14, TBI (VU0360172),
TBI (MTEP+VU0360172)=8.

Motor Function

Fine motor co-ordination was assessed at 1, 3, 7, 14, 21
and 28 days post-injury using the beam walk task, as
previously described [34]. Briefly, mice were trained for
3 days to cross a narrow wooden beam (6 mm wide and
120 cm in length), which was suspended 30 cm above a
60 mm thick foam rubber pad. The number of foot-
faults for the right hindlimb was recorded over 50 steps
on each day of testing by an investigator blinded to
treatment groups. A basal level of competence at this
task was established prior to sham-injury or CCI, with
an acceptance level of <10 faults per 50 steps.

Stereological assessment of lesion volume and hippocampal
neurodegeneration

At 28 days post-injury mice were anesthetized
(>100 mg/kg Euthasol, i.p.) and transcardially perfused
with 100 ml of 0.9 % saline followed by 300 ml 4 %
paraformaldehyde. The brains were carefully removed
and post-fixed in 4 % paraformaldehyde overnight and
then cryoprotected in 30 % sucrose. Coronal sections
were cut (3x60 um followed by 3x20 um sections)
and serially collected throughout the injured brain,
starting at +1.78 mm from the bregma. Sections were
mounted onto glass slides for immunohistochemical anal-
ysis. Cresyl violet stained 60 pm coronal sections were
used for neuronal loss and lesion volume analysis. TBI
lesion volume was quantified based on the Cavalieri
method of stereology as described previously [35]. Brief-
ly, out of a total of 96 60 um sections, every 8th section
was analyzed beginning from a random start point (i.c.,
random selection of a 60 um section from numbers 1 to
6), and a total of 12 sections were analyzed. Using the
Cavalieri estimator with a grid spacing of 100 pm the
missing tissue on the injured hemisphere was outlined
using Stereoinvestigator software (MBF Biosciences,
Williston, VT) to quantify the lesion size. To quantify
hippocampal neuronal cell loss, the optical fractionator
method of stereology was employed as previously de-
scribed [35]. Briefly, every fourth 60 um section between
—1.22 mm and -2.54 mm from bregma was analyzed
beginning from a random start point, (which was the
section where different hippocampal sub-regions were
distinctly visible). A total of 5 sections were analyzed.
The optical dissector had a size of 50 pm =50 pum in the x
and y-axis, respectively, with a height of 10 um and
guard-zone of 4 pum from the top of the section. The
sampled region for each hippocampal sub-region was demar-
cated in the injured hemisphere and cresyl-violet neuronal cell
bodies were counted using Stereoinvestigator software. For
the Cornu Ammonis (CA) 1 (CAl) and CA2/3 sub-
regions a grid spacing of 75 um in the x-axis and
100 pm in the y-axis was used, resulting in an area
fraction of 1/12. For the dentate gyrus sub-region, a grid
spacing of 175 um in the x-axis and 100 um in the y-
axis was used, resulting in an area fraction of 1/28. The
volume of each hippocampal sub-region was measured
using the Cavalieri estimator method with a grid spacing
of 50 um. The number of surviving neurons in each
hippocampal sub-region was divided by the volume of
the region of interest to obtain the cellular density
expressed in counts/mm>. According to best stereological
practice all stereological probes were optimized to obtain
a Gunderson coefficient of error (CE, m=1) value of less
than 0.10 for the TBI tissue.
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Immunofluorescence Staining and Image Analysis

Immunofluorescence staining was performed on 20 um frozen
coronal sections using standard techniques. Briefly, sections were
washed with 1x PBS (3 times), blocked for 1 h with 5 % donkey
serum containing 0.3 % Triton X-100, and incubated overnight at
4 °C with the appropriate primary antibodies made up in 2 %
donkey serum containing 0.3 % Triton X-100. For double im-
munofluorescence staining, sections were incubated with the
following combinations of antibodies: goat anti-arginase 1
(N-20) (1:300; #SC-18351, Santa Cruz Biotechnology, Santa
Cruz, CA) and rat anti-mouse CD11b [OX-42] (1:200;
#MCA74GA, AbD Serotec, Raleigh, NC); rabbit anti-iNOS
(1:500; #482728, EMD Millipore, Billerica, MA) and rat mouse
anti-CD11b [0X-42] (1:200); mouse anti-gp91P™* (1:400;
#611415, BD Transduction Labs, Franklin Gardens, NJ) and
rabbit anti-ibal (1/300; #019-19741, Wako Chemicals, Rich-
mond, VA). For CD68 immunofluorescnece staining, sections
were incubated with rat anti-CD68 [ED1] (1:200;
#MCA1957GA, AbD Serotec). Sections were then washed with
1x PBS (3 times) and incubated for 1 h with the appropriate
Alexa Fluor conjugated secondary antibodies (Life Technolo-
gies, Grand Island, NY). Sections were washed with 1x PBS (3
times) and counterstained with 4', 6-diamidino-2-phenylindole
(1 mg/mL; Sigma-Alrich, St. Louis, MO), air-dried and mounted
with Vectashield mounting medium (Vector Laboratories, Bur-
lingame, CA). In each treatment group, a total of 3545 sections
(n=5 animals per group) were examined using a Nikon Eclipse
Ti microscope (Nikon Instruments, Melville, NY). Image analy-
sis was performed using the NIS-Element AR analysis software
(Nikon Instruments) to determine the degree of overlap between
arginase-1, iNOS or gp91”™* immunoreative cells and CD11b-
or Ibal-expressing cells. Results were expressed as Mander’s
overlap coefficients. The same software was used to measure
CD68 fluorescence intensity, and results were expressed as
CD68 mean signal intensity.

In Vitro Studies

BV2 microglia (murine microglial cell line) were grown and
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen, Carlsbad, CA) supplemented with 10 % fetal
equine serum (Hyclone, Logan, UT), and 1 % penicillin and
streptomycin (Invitrogen) at 37 °C with 5 % CO,. BV2 mi-
croglia were seeded at 2x10° cells/well in a 96-well plate for
24 h. Primary cortical microglia were obtained from postnatal
day 1 C57BIl/6 mouse pups and cultured as previously de-
scribed [20]. Briefly, the whole brain was dissected carefully
and homogenized in L15 medium (Invitrogen). Mixed glial
cultures were incubated for 8—10 days at 37 °C and 5 % CO, in
DMEM supplemented with 10 % fetal calf serum (Hyclone),
1 % L-glutamine (Invitrogen), 1 % sodium pyruvate
(Invitrogen), and 1 % penicillin and streptomycin (Invitrogen).
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Mixed glial cultures were shaken for 1 h at 100 rpm and 37 °C,
and detached microglia were collected and seeded at 4x10°
cells per well in a 96-well plate in DMEM containing 10 %
fetal calf serum. Cells were pre-treated with increasing con-
centrations of mGIluR5 PAM, VU0360172 (1-50 uM), or
mGIuRS5 orthosteric agonist, CHPG (2,000 uM; Tocris Bio-
science, Ellisville, MO), for 1 h prior to stimulation with either
lipopolysaccharide (LPS; 50 ng/mL for BV2s or 10 ng/ml for
primary microglia, Sigma-Aldrich) or interferon-y (IFNvy;
0.2 ng/ml for BV2s or 20 ng/ml for primary microglia; R&D
Systems, Minneapolis, MN). At 24 h later, microglial activa-
tion was assessed by measurement of nitric oxide (NO) and
tumor necrosis factor-oc (TNF ) release into the culture medi-
um. NO release was assayed using a Greiss reagent assay
(#G7921; Invitrogen), according to the manufacturer’s instruc-
tions. NO concentrations were calculated using standard
curves generated from a nitrite stock, and results were
expressed in micromoles. TNF«x release was assayed using a
sandwich enzyme-linked immunosorbent assay for mouse
TNFx (#DY410, R&D Systems), according to the manufac-
turer’s instructions. Cytokine concentrations were calculated
using standard curves generated from recombinant mouse
TNF«, and results were expressed in picograms per milliliter.
In addition, cell viability was assayed using the CytoTox96
NonRadioactive Cytotoxicity Assay (#G1780, Promega, Mad-
ison, WI), according to the manufacturer’s instructions. In each
assay, absorbance was measured using a Synergy HT Multi-
Mode Microplate Reader (Biotek, Winooski, VT). For West-
em blot analysis, BV2 microglia were seeded at 2x 10° cells/
well in a 24-well plate for 24 h. Cells were pre-treated with
20 uM VUO0360172 for 1 h prior to stimulation with 50 ng/ml
LPS; 24 h later, protein was extracted using RIPA buffer,
equalized, and loaded onto 5-20 % gradient gels for SDS
PAGE (Bio-Rad; Hercules, CA). Proteins were transferred
onto nitrocellulose membranes, and then blocked overnight
in 5 % milk in 1% PBS containing 0.05 % Tween-20 (PBS-T).
The membrane was incubated in rabbit anti-iNOS (1:300;
#482728, EMD Millipore), goat anti-arginase 1 (N-20)
(1:200; #SC-18351, Santa Cruz Biotechnology) or rabbit
anti-Yml1 (1:1,000; 01404, Stem Cell Technologies, Vancou-
ver, BC), 3-actin (1:2,000; Sigma) for 2 h at room temperature,
then washed three times in PBS-T, and incubated in appropri-
ate HRP-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA) for 1 h at
room temperature. Membranes were washed three times in
PBS-T, and proteins were visualized using SuperSignal West
Dura Extended Duration Substrate (Thermo Scientific, Rock-
ford, IL). Chemiluminescence was captured ChemiDoc™
XRS+ System (Bio-Rad), and protein bands were quantified
by densitometric analysis using BioRad Molecular Imaging
Software. The data presented reflects the intensity of target
protein band normalized based on the intensity of the endog-
enous control for each sample (expressed in arbitrary units).
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Statistical Analysis

Quantitative data were expressed as mean+standard errors of the
mean (S.E.M.). Stereological and behavioral analyses were per-
formed by an investigator blinded to treatment group. Motor
function recovery was analyzed by one-way repeated measures
ANOVA to determine the interactions of post-injury trial and
groups, followed by post-hoc adjustments using a Tukey’s mul-
tiple comparison test. Lesion volume, hippocampal neuronal cell
loss, TNFx, NO, and viability assays in microglia were analyzed
by one-way ANOVA, followed by post-hoc adjustments using
the Bonferonni multiple comparisons test. Western blots were
analyzed by two-way ANOVA (drug treatment x stimulation),
followed by post-hoc adjustments using the Bonferonni multiple
comparisons test. Colocalization of immunolabled proteins in the
injured cortex was analyzed using Mander’s overlap coefficient
and unpaired #-tests. Statistical analysis was performed using the
GraphPad Prism Program, Version 3.02 for Windows (GraphPad
Software, San Diego, CA). A P<0.05 was considered statistical-
ly significant.

Results
VU0360172 Improves Motor Function Recovery after TBI

To evaluate the neuroprotective effects of the novel mGIuRS
PAM we administered VU0360172 systemically (50 mg/kg, i.p.)
to moderate-level CCI mice at 3 h and 24 h post-injury, and
compared them to vehicle (saline + 10 % Tween-80)-treated CCI
mice. We also administered the mGIuRS antagonist, MTEP
(10 mg/kg, i.p.), 15 min prior to VU0360172 treatment to
another cohort of CCI mice to determine if protective effects
were specifically mediated by mGIluRS receptor stimulation.
Long-term motor and cognitive function recovery after CCI
was assessed using beam walk and Morris water maze tests,
respectively. Functional assessment of fine motor coordination
was assessed on days 1, 3, 7, 14, 21 and 28 post-injury using a
well-characterized beam walk test [36]. The interaction of “post-
injury day X group’ in the beam walk test was statistically
significant [F(20, 225)=2.990, P<0.0001]. CCI induced signif-
icant sensorimotor impairments at all time points when compared
to sham-injured vehicle-treated mice (P<0.001 vs vehicle;
Fig. 1). VU0360172-treated CCI mice had significantly im-
proved sensorimotor performance in this test on day 28
(P<0.05) when compared to vehicle-treated CCI mice. In con-
trast, CCI mice that were co-administered VU0360172+MTEP
had similar performance to the vehicle-treated CCI mice. We also
assessed spatial learning on days 14—17 post-injury using the
acquisition phase of the Morris water maze test [34]. However,
VU0360172 treatment failed to improve spatial learning perfor-
mance after CCI (data not shown).

-6~ Sham (Vehicle)

-6~ Sham (VU0360172)

« —&— TBI(Vehicle)

+ TBI(VU0360172)

+ TBI(MTEP +VU0360172)

Footfaults

13 7 14 21 28
Days post-injury

Fig. 1 Systemic administration of VU0360172 improves motor function
recovery after Traumatic brain injury (TBI). Fine motor coordination
deficits were quantified using the beam walk test. Controlled cortical
impact (CCI) induced significant sensorimotor impairments in vehicle-
treated mice at all time points when compared to sham-injured vehicle-
treated group (*** P<0.001). VU0360172-treated CCI mice had signif-
icantly improved sensorimotor performance on day 28 (* P<0.05) when
compared to vehicle-treated CCI mice. In contrast, CCI mice that were
co-administered MTEP+VUO0360172 had similar performance to the
vehicle-treated CCI mice. Analysis by 2-way repeated measures
ANOVA, followed by post-hoc adjustments using a Tukey’s multiple
comparisons test. Mean+standard error of the mean (S.E.M.) [sham
(vehicle)=9, sham (VU0360172)=8, TBI (vehicle)=14, TBI
(VU0360172), TBI (MTEP+VU0360172)=8]

VU0360172 Treatment Reduces Cortical Tissue Loss
and Hippocampal Neurodegeneration After TBI

Following completion of the behavioral studies all animals
were euthanized at 28 days post-injury and processed for
histological analysis. We assessed TBI lesion volumes in
cresyl violet stained coronal sections from randomly selected
sub-groups of CCI mice in each of the vehicle- (n=38),
VU0360172- (n=8), and MTEP+VU0360172- (n=7) treated
groups. Representative images of CCI tissue from each treat-
ment group are presented in Fig. 2a. Stereological analysis
revealed that CCI resulted in a large lesion in vehicle-treated
mice (5.34+0.43 mm’; Fig. 2b), and that the CCI lesion was
reduced significantly in VU0360172-treated mice (3.57+
0.43 mm?®; P<0.05). CCI mice that received the combined
treatment of MTEP and VU0360172 had similar lesions (5.59
+0.69 mm®) to the vehicle-treated CCI mice. We then assessed
post-traumatic neuronal loss in the CA1, CA2/3 and dentate
gyrus sub-regions of the hippocampus in sham-injured and
CClI mice using stereological techniques. Representative high-
powered images from the CA1, CA2/3 and dentate gyrus of
vehicle-, VU0360172-, and MTEP+VUO0360172-treated CCI
groups are presented in Fig. 3a. CCI caused a significant loss
of CA1 (P<0.001), CA2/3 (P<0.001), and dentate gyrus
(P<0.01) neurons in the vehicle-treated CCI group when
compared to sham-injured vehicle-treated controls (Fig. 3b).
VU0360172 treatment resulted in robust neuroprotection in
the hippocampus, such that neuronal densities in the CAl
(P<0.05) and the CA2/3 (P<0.01) were increased significant-
ly in the VU0360172-treated CCI group when compared to
the vehicle-treated CCI group. Furthermore, co-administration
of MTEP abrogated the neuroprotective effects of
VUO0360172 treatment, and there was a significant difference
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between the VU0360172-treated and MTEP+VU0360172-
treated CCI groups in each sub-region [CA1 (P<0.001),
CA2/3 (P<0.001), and dentate gyrus (P<0.01)]. There was
no significant difference in neuronal densities between the
sham-injured vehicle-treated and the sham-injured
VU0360172-treated groups. Thus, VU0360172 treatment re-
sulted in a significantly reduced cortical lesion size and hip-
pocampal neurodegeneration after injury. Moreover, our data
demonstrate that the therapeutic actions of VU0360172 were
mediated via selective mGluR5 receptor stimulation as co-
administration of the mGluRS antagonist, MTEP, blocked the
neuroprotective effects VU0360172 treatment.

VU0360172 is Anti-Inflammatory and Polarizes Microglia
Towards an M2 Phenotype In Vitro

Previously, we demonstrated that selective activation of
microglial mGIluRS receptors by CHPG had strong anti-
inflammatory effects and attenuated microglial activation
in vitro and in vivo [13, 19, 16, 20]. To test whether
VUO0360172 has similar anti-inflammatory properties, we
pre-treated cultured BV2 microglia for 1 h with increasing
concentrations of VU0360172 (1-50 uM) and then stimu-
lated the cells with/without LPS (50 ng/ml) or IFNvy
(0.2 ng/ml) for a further 24 h. We included a CHPG treat-
ment group (2,000 uM) as a positive control, and measured
TNF« and NO release in the medium to assess microglial
activation, as well as LDH release to assess cell cytotoxic-
ity. VU0360172 pre-treatment significantly reduced LPS-
stimulated TNFx production in a dose-dependent manner
starting at 1 uM (P<0.001; Fig. 4a), and significantly
reduced NO production at 20 uM (P<0.01; Fig. 4a). Sim-
ilarly, VU0360172 pre-treatment significantly reduced
IFNvy-stimulated TNFx production starting at 20 uM
(P<0.001; Fig. 4b), and significantly reduced NO produc-
tion at 20 uM (P<0.01; Fig. 4a). CHPG treatment also
significantly reduced TNFx and NO release in both stimu-
lation models (P<0.001), whereas VU0360172 treatment
alone did not produce either pro-inflammatory mediator.
VU0360172 at a concentration of 50 uM was cytotoxic to
BV2 microglia, but not at lower concentrations at which
significant anti-inflammatory effects were observed (data
not shown). To confirm the anti-inflammatory effects of
VU0360172 in primary microglia we repeated these studies
using microglia isolated from p1 C57Bl/6 mouse pups. We
pre-treated primary microglia for 1 h with 20 uM
VUO0360172 and stimulated the cells with/without LPS
(10 ng/ml) or IFNvy (20 ng/ml) for a further 24 h.
VUO0360172 treatment significantly reduced TNFo and
NO release in response to LPS stimulation (P<0.001;
Fig. 4c), and in response to IFNy stimulation (P<0.001;
Fig. 4d), thereby confirming significant anti-inflammatory
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Fig.2 a, b VU0360172 treatment reduces TBI-induced lesion volume at
28 days post-injury. a TBI lesion volume was assessed by stereological
methods in a subset of vehicle-, VU0360172, and MTEP+VU0360172-
treated CCI mice at 28 days post-injury, and representative images of each
group are shown. B The VU0360172-treated CCI group had significantly
reduced lesion volumes (* P<0.05) when compared to vehicle-treated
CCI group. The vehicle- and MTEP+VU0360172-treated CCI groups
had comparable lesion volumes. Analysis by 1-way ANOVA, followed
by post-hoc adjustments using a Bonferonni multiple comparisons test.
Mean+S.E.M. [TBI (vehicle)=8, TBI (VU0360172)=8, TBI (MTEP+
VU0360172)=7]

properties of the mGIluR5 PAM, VU0360172, in primary
microglia.

Microglia can be polarized towards an M1- or M2-
activation phenotype depending on the stimuli in their local
microenvironment [37]. We chose to evaluate polarization
in BV2 microglia in order to determine whether
VU0360172 treatment could alter microglial polarization
following LPS stimulation. BV2 cells were pre-treated with
20 pM VU0360172 for 1 h prior to LPS stimulation
(50 ng/ml), and samples were collected for analysis of M1
(INOS) and M2 (arginase | and Ym1) markers after 24 h.
Compared to control-treated cells there was a significant
increase in iNOS (M1) expression following LPS stimula-
tion (P<0.001; Fig. 5a,b), which was significantly reduced
by VU0360172 treatment (P<0.001). In addition, BV2
microglia treated with VU0360172 alone had reduced
iNOS expression when compared to control-treated cells
(P<0.05). Notably, pre-treatment with VU0360172 prior to
LPS stimulation resulted in a significant increase in expres-
sion of M2 markers, arginase 1 (P<0.001; Fig. 5a,c), and
Yml (P<0.001; Fig. 5a,d), in BV2 microglia. These data
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Fig.3 a, b VU0360172
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significant loss of CA1 (***
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P<0.01) neurons in the vehicle-
treated CCI group when
compared to sham-injured
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indicate that the mGIluR5 PAM, VU0360172, can repolar-
ize microglia towards an M2 activation state following LPS
stimulation.

VU0360172 Attenuates NOX2 Expression in Reactive
Microglia at 28 Days Post-Injury and Promotes an M2
Activation Phenotype

Previously, we showed that knockout of NOX2 abolished
the anti-inflammatory effects of mGIluRS stimulation by
CHPG in activated microglia [16], and that CHPG treat-
ment following CCI resulted in significantly reduced
microglial activation and NOX2 expression at 4 months
post-injury [13]. Here, we evaluated NOX2 expression in
microglia in vehicle- and VU0360172-treated CCI groups

Neuronal density

W Vehicle
B VU0360172
B MTEP+VU0360172
CA2/3 Dentate gyrus
8000007 15000007 .
2
~600000+ B~
mE QC’ mE
E 400000/ % £
2 c 2
[7] o ®
K 58
2000004 o=
z

0

-Sham - —TBI— -Sham - — TBl —

by double immunofluorescence staining for gp91P"°*

(NOX2) and Ibal (microglia). gp91P"°* was highly
expressed in Ibal-positive microglia in the injured cortex
of vehicle-treated CCI group at 28 days post-injury, where-
as its expression was markedly reduced in the VU0360172-
treated CCI group (Fig. 6a). Analysis of gp91P"*/Ibal co-
localization demonstrated that VU0360172 treatment sig-
nificantly reduced gp91°"°* expression (P<0.05) at 28 days
post-injury (Fig. 6¢). We evaluated the expression of CD68,
a marker of highly activated phagocytic microglia [38], in
each group. CD68 expression was highly up-regulated in
the vehicle-treated CCI group (Fig. 6b), and its expression
was significantly reduced in the VU0360172-treated CCI
group (P<0.05) (Fig. 6b,d). We also analyzed iNOS and
arginase 1 expression in the injured cortex at 28 days post-
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Fig. 4 a—d VU0360172 attenuates microglial activation in vitro. The
anti-inflammatory effects of VU0360172 were assessed using lipopoly-
saccharide (LPS) or interferon-y (IFNy) models of microglial activation
in BV2 and primary microglia. a LPS stimulation resulted in a significant
increase in TNF« release and nitrite production (*** P<0.001 vs control
for both) in BV2 microglia. VU0360172 treatment significantly reduced
LPS-stimulated TNF release starting at 1 uM (7" P<0.001), and LPS-
stimulated nitrite production at 20 uM (7" P<0.01). Similarly, CHPG
treatment (positive control) significantly reduced the release of both pro-
inflammatory mediators (""" P<0.001 vs LPS), whereas VU0360172
treatment alone did not produce TNF«x or nitrite. b IFNy stimulation
resulted in a significant increase in TNF« release and nitrite production
(*** P<0.001 vs control for both) in BV2 microglia. VU0360172 treat-
ment significantly reduced IFNy-stimulated TNFo release starting at
20 uM (""" P<0.001), and IFNvy-stimulated nitrite production at
20 uM (77 P<0.01). Similarly, CHPG treatment (positive control)

injury as phenotypic markers of M1- and M2-polarized
microglia [37], respectively. We performed double immu-
nofluorescence staining for either iNOS or arginase 1 in
combination with CD11b to confirm the expression of
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significantly reduced the release of both pro-inflammatory mediators (™
* P<0.001 vs IFNYy). Analysis by one-way ANOVA, followed by post-
hoc adjustments using a Bonferonni multiple comparisons test. Mean+
S.EMM. (n=6/treatment). ¢ LPS stimulation resulted in a significant in-
crease in TNF« release and nitrite production (*** P<0.001 vs control
for both) in primary microglia; 20 uM VU0360172 significantly reduced
LPS-stimulated TNFx release and nitrite production (""" P<0.001),
whereas VU0360172 treatment alone had no effect. d IFNy stimulation
resulted in a significant increase in TNF« release and nitrite production
(*** P<0.001 vs control for both) in primary microglia; 20 uM
VU0360172 significantly reduced IFNy-stimulated TNFx release and
nitrite production (7 P<0.001), whereas VU0360172 treatment alone
had no effect. Analysis by 2-way ANOVA, followed by post-hoc adjust-
ments using a Bonferonni multiple comparisons test. Mean+S.E.M. (n=
6/treatment)

phenotypic markers in microglia. iNOS was highly
expressed in CD11b-positive microglia in the injured cor-
tex of vehicle-treated CCI group at 28 days post-injury,
whereas its expression was reduced markedly in the
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Fig. 5 a-d VUO0360172 treatment alters BV2 microglial polarization
following LPS stimulation. a Western blots for M1 polarization (iNOS)
and M2 (arginase 1 and Ym1) markers in LPS-stimulated BV2 microglia
with/without VU0360172 treatment. b Quantification of iNOS protein
expression. LPS significantly increased iNOS expression (*** P<(0.001)
when compared to control-treated samples, whereas VU0360172 treat-
ment significantly reduced iNOS protein (7 P<0.001). VU0360172
alone treatment significantly reduced iNOS protein (¥ P<0.05) when
compared to control-treated samples. ¢ Quantification of arginase 1
protein expression. VU0360172 treatment prior to LPS resulted in a
significant increase in arginase 1 protein (*** P<0.001) compared to
LPS treatment alone. d Quantification of Yml protein expression.
VU0360172 treatment prior to LPS resulted in a significant increase in
Yml protein (*** P<0.001) compared to LPS treatment alone. Analysis
by 2-way ANOVA, followed by post-hoc adjustments using a Bonferonni
multiple comparisons test. Mean+S.E.M. (n=4/treatment)

VU0360172-treated CCI group (Fig. 7a). Analysis of iNOS/
CD11b co-localization demonstrated that VU0360172
treatment significantly reduced iNOS expression (P<0.05)
(Fig. 7c). In contrast, arginase 1 expression was markedly
increased in the VU0360172-treated CCI group (Fig. 7b),
and analysis of arginase 1/CD11b co-localization demonstrat-
ed that VU0360172 treatment significantly increased arginase
1 expression (P<0.05) when compared with the vehicle-
treated CCI group (Fig. 7d). In summary, our in vitro and
in vivo studies indicate that VU0360172 has significant anti-
inflammatory properties, and administration of VU0360172
starting at 3 h post-injury reduces the expression of NOX2,
CD68 and iNOS in highly activated microglia at 28 days post-
injury, and repolarizes microglia towards an M2 phenotype
with high arginase 1 expression.
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Fig. 6 a—d VU0360172 treatment reduces the expression of NOX2 and
CD68 in microglia at 28 days post-injury. a, ¢ Double immunofluores-
cence staining for the NOX2 subunit, gp91°"* (green), and microglia
(Iba-1; green) in the injured cortex of vehicle- and VU0360172-treated
CCI samples at 28 days post-injury. Analysis of the Mander’s overlap
coefficient for gp91P™**+/Ibal+ demonstrated that VU0360172 treatment
significantly reduced the expression of NOX2 in microglia (¥ P<0.05)
when compared to the vehicle-treated CCI group. b, d Immunofluores-
cence staining for the CD68 (magenta) in the injured cortex of vehicle-
and VU0360172-treated CCI samples at 28 days-post injury. VU0360172
treatment significantly reduced the expression of CD68 (* P<0.05) when
compared to the vehicle-treated CCI group. Unpaired #-test. Mean=+
S.E.M. (total of 3545 sections from n=>5/group)

Discussion

Allosteric modulators of mGluRS represent promising drug
candidates for the treatment of various psychiatric disorders
and neurodegenerative diseases [2, 3], as well as CNS injury
[4]. In the present study, systemic administration of the
mGluRS PAM VUO0360172, starting at 3 h after CCI, signif-
icantly reduced the lesion volume, attenuated delayed hippo-
campal neurodegeneration, and improved motor function re-
covery. These effects were reversed by prior administration of
the mGluRS5 antagonist MTEP, indicating that the neuropro-
tection actions of VU0360172 were mediated through
mGIuRS5 receptors.

The present study and previously published reports from
our laboratory, and others, demonstrate that selective
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Fig. 7 a—d VUO0360172 treatment reduces iNOS expression and up-
regulates arginase 1 expression in microglia at 28 days post-injury. a, ¢
Double immunofluorescence staining for iNOS (red) and microglia
(CD11b; magenta) in the injured cortex of vehicle- and VU0360172-
treated CCI samples at 28 days post-injury. Analysis of the Mander’s
overlap coefficient for INOS+ /CD11b+ demonstrated that VU0360172
treatment significantly reduced iNOS expression in microglia (* P<0.05)
when compared to the vehicle-treated CCI group. b, d Double immuno-
fluorescence staining for arginase 1 (green) and microglia (CDI11b;
magenta) in the injured cortex of vehicle- and VU0360172-treated CCI
samples at 28 days post-injury. Analysis of the Mander’s overlap coeffi-
cient for arginase 1+ /CD11b+ demonstrated that VU0360172 treatment
significantly increased the expression of arginase 1 in microglia (*
P<0.05) when compared to the vehicle-treated CCI group. Unpaired ¢
test. Mean+S.E.M. (total of 35-45 sections from n=5/group)

activation of mGluRS5 has powerful neuroprotective effects in
experimental models of CNS injury [12-17]. Following
moderate-to-severe spinal cord contusion injury in rats we
demonstrated that intrathecal CHPG administration improved
motor recovery, reduced lesion volume, and spared white
matter loss [14]. Recently we showed that central administra-
tion of CHPG at 30 min post-injury resulted in significantly
improved sensorimotor and cognitive recovery and reduced
lesion volumes after CCI [16]. Furthermore, we also demon-
strated that when CHPG was administered to CCI mice at
1 month post-injury it arrested the expansion of the lesion over
time, reduced white matter loss and hippocampal neurodegen-
eration, and improved functional recovery at 4 months [13].
Both acute and delayed CHPG treatment reduced chronic
microglial activation and the expression of NOX2 in microglia
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after CCI [13, 16]. In addition, when we co-administered the
NOX2 inhibitor, apocynin, in combination with CHPG there
were no additive neuroprotective effects, suggesting that both
drugs may act on the same molecular pathway [16].

Unfortunately, all known selective mGIuRS orthosteric
agonists, including CHPG, have certain therapeutic limita-
tions; these include lack of selectivity due to the high level
of conservation in the ligand binding region, poor penetration
through the blood-brain barrier, and rapid desensitization of
the mGluRS5 receptor following interaction with a direct ago-
nist [22]. These challenges led to renewed efforts in recent
years to develop new potent, selective and brain-penetrant
mGIuRS PAMs [32]. These compounds increase mGIluRS5
activity by binding to less conserved regions of the receptor
outside of the ligand binding region and stabilize the recep-
tor’s active configuration; this results in higher selectivity and
reduces the likelihood for desensitization [22]. mGluR5 PAMs
allosterically potentiate receptor function; in physiological
conditions they do not activate the target receptor by them-
selves but rather shift the concentration response for
orthosteric agonists to the left [39].

VUO0360172 is a novel, orally bioavailable mGluRS PAM
with an excellent pharmacokinetic profile [32]. VU0360172
has increased potency and functional selectivity when com-
pared with CHPG, and it readily penetrates the CNS with peak
brain levels achieved within 30 min following systemic (i.p.)
administration (Cmax=7 uM for 10 mg/kg dose) [40]. These
properties markedly enhance the translational potential of this
class of drugs as neuroprotective agents, and we therefore set
out to determine if systemic administration of VU0360172
could improve functional and histological outcomes after TBL.
We chose to administer 50 mg/kg VU0360172 at 3 h and 24 h
post-injury in order to maintain mGluR5 receptor stimulation
because prior pharmacokinetic analysis demonstrated an ap-
proximate 10-fold decrease in VU0360172 levels in the brain
at 6 h post-administration [40]. These studies demonstrated
that systemic delivery of VU0360172 starting at 3 h post-
injury significantly improved sensorimotor recovery after
CCIL. Furthermore, stereological assessments demonstrated
that treatment significantly reduced lesion volumes and hip-
pocampal neuronal loss compared to vehicle-treated controls.
Both functional and histological outcomes were blocked by
co-administration of MTEP, suggesting that the therapeutic
actions of VU0360172 were mediated by selective stimulation
of mGIuRS5 receptors. The lack of effect of VU0360172 on
cognitive recovery (data not shown) may reflect only partial
hippocampal neuroprotection; future studies will focus on
optimization of dose and duration of administration, as well
as the use of additional more sensitive behavioral tests, to
assess the effect of VU0360172 treatment on cognitive func-
tion recovery after CCIL.

Consistent with our prior studies using the mGluR5
orthosteric agonist [13, 16], VU0360172 treatment modulated
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chronic microglial activation after CCI. Specifically, treatment
significantly reduced the expression of CD68 and NOX2 in
highly activated microglia within the cortical lesion at 28 days
post-injury. NOX2 has been implicated as a common and
essential mechanism of microglial-mediated neurotoxicity in
neurodegenerative diseases [41], and we have demonstrated
chronic expression of NOX2 in microglia up to 1 year follow-
ing TBI [21]. Prior in vitro studies demonstrated that selective
activation of mGIuRS in microglia inhibited NOX2 expres-
sion and activity, as well as reduced microglial-mediated
neurotoxicity in a co-culture system [20]. In addition, studies
using siRNAs for NOX2 and microglial cultures from NOX2-
deficient mice showed that NOX2 was downstream of
mGIluR5 in microglia and a target for its neuroprotective
actions [16, 20]. Our in vitro studies using BV2 microglia
and primary microglia demonstrated that VU0360172 signif-
icantly reduced NO and TNF« release from LPS- and IFNy-
stimulated microglia at lower concentrations than previously
shown for CHPG [19, 20] (20 uM for VU0360172 vs
2000 uM for CHPG). The lowest concentrations at which
VU0360172 was able to significantly inhibit microglial acti-
vation were not cytotoxic; however, at concentrations of
50 uM and higher it negatively impacted BV2 microglial cell
viability. These in vitro studies indicate that VU0360172
suppresses pro-inflammatory signaling pathways in microglia,
and support prior studies that demonstrated anti-inflammatory
actions of first generation mGluR5 PAMs (DFP, CDPPB) in
LPS, IFNy [31], and fibrinogen [42] models of microglial
activation.

Microglia, like peripheral macrophages, have multiple ac-
tivation phenotypes [43, 44], and depending on the stimuli in
their local microenvironment they can be polarized to have
distinct molecular phenotypes and effector functions [37]. For
example, LPS or IFNy, promote a ‘classical’ phenotype (M1),
which produces high levels of pro-inflammatory cytokines
and oxidative metabolites that are essential for host defense
and phagocytic activity [38]. However, excessive M1-
polarization can lead to exacerbation of injury and progressive
tissue destruction (i.e., the M1 neurotoxic phenotype). Con-
versely, microglial activation in response to anti-inflammatory
cytokines such as IL-4 or IL-10, promote ‘alternative’ (M2a)
or ‘acquired deactivated’ (M2c) phenotypes, respectively [45,
46]. M2 microglia express specific markers such as arginase 1,
mannose receptor (CD206), chitinase 3-like 3 (Yml) and
TGFf [45], among others. M2 microglia promote repair pro-
cesses, such as angiogenesis and extracellular matrix remod-
eling, while also suppressing destructive immune responses
[37]. Using an LPS model of microglial activation we dem-
onstrated that VU0360172 treatment attenuated M1 activation
(reduced iNOS expression) and increases M2 activation (in-
creased arginase 1 and Ym1 expression), which indicates that
mGIluR5 PAM signaling modulates microglia polarization
in vitro. Furthermore, systemic administration of

VU0360172 after CCI resulted in a significant decrease in
the expression of iINOS and NOX2 in M1-polarized microglia
in the injured cortex, and a concomitant increase in the ex-
pression of arginase 1 in M2-polarized microglia, thereby
shifting the balance between M1/M2 microglial activation
states towards an M2 phenotype at 28 days post-injury. Given
that M2 polarized microglia are anti-inflammatory and display
properties that may mediate tissue remodeling and repair [37],
it is plausible that the increase expression of the M2 pro-repair
microglial activation phenotype in the CCI cortex of
VU0360172 treated mice may be, in part, responsible for
improved motor recovery and reduced cortical tissue loss
observed in this group.

In conclusion, our study underscores the neuroprotective
effects of selective stimulation of mGluRS receptors following
experimental TBI, and suggests that such effects, in part, may
reflect their ability to modulate the neurotoxic effects of
posttraumatic neuroinflammation. The fact that an mGIluRS
PAM is protective following systemic administration, and that
this drug class is being actively studied for other neurological
conditions, makes them promising compounds for the treat-
ment of clinical TBI.
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