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Abstract
Objective—Activation of metabotropic glutamate receptor 5 (mGluR5) has neuroprotective
properties in vitro and has been reported to limit postischemic lesion volume in vivo. Previously,
mGluR5 has been identified on microglia in vitro, but the effects of mGluR5 activation on
inflammation in vivo or on recovery after spinal cord injury is unknown.

Methods—Rats received intrathecal infusion of the selective mGluR5 agonist (RS)-2-chloro-5-
hydroxyphenylglycine (CHPG) for 7 days after moderate impact spinal cord injury at T9.
Complementary studies examined CHPG effects on activated spinal microglia cultures.

Results—Functional motor recovery was significantly increased by CHPG treatment up to 28
days after injury, with improvements in weight bearing, step taking, and coordination of stepping
behavior. CHPG treatment significantly reduced lesion volume and increased white matter sparing
at 28 days after injury. Administration of CHPG attenuated microglial-associated inflammatory
responses in a dose-dependent fashion, including expression of ED1, Iba-1, Galectin-3, NADPH
oxidase components, tumor necrosis factor-α, and inducible nitric oxide synthase. Because
mGluR5 is expressed by microglial cells in the rat spinal cord, such effects may be mediated by
direct action on microglial cells. mGluR5 stimulation also reduced microglial activation and
decreased microglial-induced neurotoxicity in spinal cord microglia cultures; the latter effects
were blocked by the selective mGluR5 antagonist MTEP.

Interpretation—These data demonstrate that mGluR5 activation can reduce microglial-
associated inflammation, suggesting that the protective effects of mGluR5 agonists may reflect
this action.

Spinal cord injury (SCI) results in a prolonged pathological response involving chronic
inflammation, microglial activation, and astroglial scar formation that ultimately results in
the development of a large cavity at the site of the lesion, the loss of gray matter/neurons,
and persistent functional deficits.1,2 Inflammation, including the activation of resident
microglial cells, plays an important role in this “secondary injury.”3–5

Microglia may have either neurotoxic or neurorestorative properties, although the
preponderance of evidence suggests that they contribute to secondary injury and neuronal
cell death.6 – 8 Products known to be produced by microglia, such as nitric oxide (NO),
reactive oxygen species, and various proinflammatory cytokines (eg, tumor necrosis factor-
α [TNF-α]) have been shown to directly induce neuronal death in vitro and in vivo.9 –16
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Inhibition of microglial activation has been shown to have neuroprotective properties after
SCI.17,18

Metabotropic glutamate receptors (mGluRs) are G-protein–coupled receptors that modulate
glutamatergic activity. Within the central nervous system (CNS), these receptors have been
studied largely in neurons, although they are also found in glia.19,20 mGluRs have been
identified on microglia,21–23 but their roles in neuroinflammation have received limited
attention. Taylor and colleagues22,23 have reported modulatory effects by group II and III
receptors in opposite directions in vitro, but such data are hard to reconcile with in vivo
studies showing virtually identical neuroprotective profiles after activation of these
receptors.24 –29 Recently, we reported that microglia express functional mGluR5
receptors.30 Activation of these receptors results in significant suppression of microglial
activity in vitro, including reductions in production of proinflammatory mediators and
microglial-induced neurotoxicity. These functions are dependent on the mGluR5 receptor,
because knock-out of the receptor or pharmacological inhibition reverses the effects of
agonist treatment.

In this article, we show that treatment with the selective mGluR5 agonist (RS)-2-chloro-5-
hydroxyphenyl-glycine (CHPG) reduces lesion size and improves neurological recovery
after SCI in adult rats. These effects may be mediated, in part, through modulation of
microglial-associated inflammation. We find that microglia in the rat spinal cord express
mGluR5, and that mGluR5 activation negatively regulates the release of microglial-
associated inflammatory factors and related neurotoxicity.

Materials and Methods
Spinal Cord Injury

Contusion SCI was performed in adult male Sprague–Dawley rats as described previously.31

In brief, rats (275–325gm) were anesthetized with sodium pentobarbital (67mg/kg
intraperitoneally), and moderate injury was induced by dropping a 10gm weight from 25mm
onto an impounder positioned on the exposed spinal cord at vertebral level T9. Shaminjured
rats underwent laminectomy without weight drop. All experiments complied fully with the
principles set forth in the Guide for the Care and Use of Laboratory Animals prepared by the
Committee on Care and Use of Laboratory Animals of the Institute of Laboratory
Resources, National Research Council (DHEW pub. No. [NIH] 85-23, 2985) and were
approved by the Georgetown University Institutional Animal Care and Use Committee.

CHPG Administration
Thirty minutes after contusion injury, an intrathecal catheter (P-100, 1.52 outside diameter)
was inserted two segments below the injury site (spinal T11). The catheter was attached to
an Alzet miniosmotic pump (Model 2001; Alzet, Cupertino, CA), loaded with either CHPG
(41.6mM in 1% dimethylsulfoxide in saline; Tocris Biosciences, Ellisville, MI) or vehicle
(1% dimethylsulfoxide in 0.9% saline). The administration rate was 1μl drug or vehicle per
hour for 7 days (2.9pmol/day CHPG), for a final dosage similar to what has been previously
used in the literature.32 A dose–response study for inflammatory responses compared a 7-
day infusion of CHPG at 10mM (in 1% dimethylsulfoxide in saline) with 41.6mM CHPG
and vehicle. Pumps were weighed before insertion and after removal to ensure function
during implantation.

Functional Assessment
The Basso–Beattie–Bresnahan scale was used to assess neurological function (n = 15/group;
Table), as detailed previously.33–35 All functional scores were obtained at days 1, 7, 14, 21,
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and 28 by two individuals blinded to treatment. Data are presented as an average of raw
score per group, as well as slope of the recovery curve from 1 to 28 days after injury.

Magnetic Resonance Imaging Analysis
At 28 days after injury, a random sample of rats (n = 5/group) was chosen by an investigator
blinded to functional outcome and underwent magnetic resonance imaging (MRI) using a 7-
Tesla 20cm bore MRI (Bruker Biospin, Billerica, MA) with a two-dimensional T2-weighted
imaging protocol: TR = 3,640 milliseconds, TE = 121 milliseconds, matrix size = 256 × 256.
Hyperintense areas, which appeared as white regions in the normally gray spinal cord, on
MRI images were assessed using Image J analysis software by a blinded investigator. In
brief, regions of interest were outlined and Image J analysis software was utilized to
measure the area of the region. Areas were then used to extrapolate lesion volume
throughout the injured cord.

Histology
The day after T2-weighted MRI, a random sample of rats (n = 4/group) chosen by an
investigator blinded to functional outcome was anesthetized (100mg/Kg sodium
pentobarbital, intraperitoneally) and intracardially perfused with 10% buffered formalin. To
determine volume of cavitation and white matter sparing, we processed with a standard
Eriochrome cyanine R (Sigma, St. Louis, MO) staining protocol every 20th section (20μm)
of the 1cm spinal cord block centered at the lesion epicenter, with a random starting section.
Cavitation and spared white matter volume were assessed using unbiased stereology and the
Stereologer Program (Systems Planning and Analysis, Alexandria, VA).

Immunohistochemistry
Standard fluorescent immunohistochemistry was performed on sections from animals
obtained at 72 hours, 7 days, or 28 days after injury (n = 4/group; 28-day rats were randomly
chosen by an investigator blinded to functional outcome), obtained as described earlier.
Anti-ED1 (Serotec, Raleigh, NC), OX42 (Serotec), Iba-1 (Wako, Richmond, VA),
galectin-3 (Abcam, Cambridge, MA), gp91phox (BD Transduction Laboratories, San Jose,
CA), and mGluR5 (Chemicon, Billerica, MA) were used as primary antibodies.
Immunofluorescence was detected and quantified in twelve 20μm sections, selected with a
random start and consistent interslice distance, using confocal microscopy as described
previously.36 In brief, the proportional area of tissue occupied by immunohistochemically
stained cellular profiles within a defined target area (the lesion site and surrounding tissue)
was measured using the Scion Image Analysis system using a method modified from
Popovich and colleagues37 description.

Western Blot
At 7 or 28 days after injury, the 1cm section of the spinal cord encompassing the lesion site
was dissected from 4 rats/group. Rats from the 28-day group were randomly chosen by an
investigator blinded to functional outcome. Tissue was homogenized and underwent
Western blotting as described previously36 for p22phox (Santa Cruz Biotechnologies, Santa
Cruz, CA), ED1 (Serotec), galectin-3 (Abcam), and inducible nitric oxide synthase (iNOS;
BD Transduction Laboratories).

Tumor Necrosis Factor-α Enzyme-Linked Immunosorbent Assay
At 24 hours after injury, rats (n = 5/group + 3 sham) were perfused with cooled saline, and
the 1cm section of spinal cord encompassing the lesion site was carefully dissected and
frozen on dry ice. The concentration of TNF-α was measured and enzyme-linked
immunosorbent assay was performed as per the manufacturer’s instructions (BD Bioscience,
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San Jose, CA). Absorbance was read at 450nm, and values were corrected for protein
concentration and expressed as picograms per milligram protein.

Microglial Cultures
Microglial cells were obtained from postnatal day 2 Sprague–Dawley rat pup spinal cords
and cultured as described previously.38 After the initial incubation, the cells were shaken for
1 hour at 100 rpm and 37°C. Detached microglia were collected and replated at 2 × 105

cells/ml into 96-well plates for proliferation and NO assays, or at 5 × 105 cells/ml into
Transwell inserts (Fischer Scientific, Fair Lawn, NJ) for coculture assays.

Microglial Proliferation
At 24 hours after application of the mGluR agonist CHPG and stimulation with
lipopolysaccharide (LPS), proliferation of microglia in 96-well plates was assessed using the
MTS assay (MTS tetrazolium compound; Cell Titer 96 Aqueous One Solution; Promega,
Madison, WI), performed according to the manufacturer’s protocols. Each treatment was
performed in triplicate and the experiment was repeated three times; data shown are a
representative outcome.

Nitric Oxide Production
NO production was assayed at 24 hours after administration of LPS using the Griess
Reagent Assay (Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions.
Each treatment was performed in triplicate and the experiment was repeated three times;
data shown are a representative outcome.

Neurotoxicity
Rat primary cortical neuronal cultures were derived from embryonic day 18 (E18) rat
cortices (Taconic, Germantown, NY) as described previously.39 Microglia were stimulated
with LPS for 24 hours, with or without pretreatments, and washed in warmed media before
insertion into 24-well plates containing neurons (neurons were at day 5 in vitro). Twenty-
four hours later, microglia were removed, and the neurons were fixed with 4%
paraformaldehyde and stained with neuronal nuclei (NeuN). The number of NeuN+ cells
were counted in at least 10 areas around the 24-well plate. Each treatment was performed in
triplicate and the experiment was repeated three times; data shown are a representative
outcome.

Statistical Analysis
Quantitative data are presented as mean ± standard error of the mean. Lesion volume,
functional data, Western blot, and immunohistochemical data were obtained by an
investigator blinded to treatment group. Basso–Beattie–Bresnahan scores were analyzed
with two-way analysis of variance (ANOVA) and repeated measures. Remaining data were
analyzed using Student’s t test or one-way ANOVA, where appropriate. All statistical tests
were performed using the GraphPad Prism Program, Version 3.02 for Windows (GraphPad
Software, San Diego, CA). A p value < 0.05 was considered statistically significant.

Results
CHPG Treatment Improves Recovery after Spinal Cord Injury

To test the neuroprotective effects of mGluR5 activation in vivo, we subjected adult male
Sprague–Dawley rats to moderate SCI and treated them with the selective mGluR5 agonist
CHPG or vehicle (7-day intrathecal infusion beginning at 30 minutes after injury of 41.6mM
CHPG or vehicle; 1μl/hr infusion rate; n = 15/group). Function was assessed weekly,
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beginning at day 1 after injury, to determine recovery. By day 1, all animals had a score of 0
or 1, indicating complete or nearly complete loss of motor function (Fig 1A). By day 14
after injury, rats that received CHPG infusion had significantly improved Basso–Beattie–
Bresnahan scores (12.3 ± 1.3; p < 0.05 with repeated-measures ANOVA) compared with
vehicle-treated rats (8.50 ± 0.9). This improvement remained through 28 days after injury
(12.4 ± 1.3 for CHPG vs 9.5 ± 0.7 for vehicle; p < 0.05 with repeated-measures ANOVA).
For function, CHPG-treated rats showed coordinated walking steps, whereas vehicle-treated
rats showed an ability to bear weight on their hind limbs but were unable to take walking
steps.

The slope of the recovery curve was also assessed (see Fig 1B). CHPG treatment resulted in
a significant increase in slope in comparison with vehicle treatment, suggesting an increased
rate of recovery.

Metabotropic Glutamate Receptor 5 Activation Reduces Lesion Volume after Spinal Cord
Injury

Rat spinal cords were imaged at day 28 after injury using a T2-weighted MRI protocol.
Analysis of hyper-intense areas on resultant images demonstrated longitudinal lesions
centered at T9 (Figs 2A, B). Quantitation of hyperintense areas demonstrated a significant
reduction in lesion volume with CHPG infusion (p < 0.05, Student’s t test; see Fig 2C).

To determine whether MRI-based lesion volumes reflected tissue cavitation, we quantified
cavity volume in Eriochrome-stained tissue sections (Fig 3A). CHPG infusion resulted in a
marked reduction in tissue cavity volume (p < 0.05, Student’s t test; see Fig 3B). This
reduction in tissue cavity was accompanied by a significant increase in the amount of spared
white matter (p < 0.05, Student’s t test; see Fig 3C).

Analysis of neuronal responses to injury and CHPG treatment demonstrated little evidence
of neuronal apoptosis, as measured by double labeling of NeuN and cleaved caspase-3 at the
lesion site, rostral or caudal to the lesion epicenter. No significant difference in NeuN/
cleaved-caspase-3 double immunolabeling was observed between vehicle and CHPG-treated
tissue (data not shown).

Metabotropic Glutamate Receptor 5 Activation Reduces Inflammation after Spinal Cord
Injury

Previously, we have demonstrated that microglia express mGluR5 in vitro and respond to
mGluR5 activation by reducing microglial reactivity.30 To test the hypothesis that the
effects of mGluR5 stimulation in vivo are mediated, in part, by suppression of inflammation,
we measured the expression of the activated microglia/macrophage marker Iba-1 in the
spinal cord 7 days after injury after vehicle or CHPG administration. Vehicle-treated tissue
demonstrated strong Iba-1 staining throughout the spinal cord (Fig 4A). In contrast,
administration of CHPG markedly reduced SCI-induced Iba-1 staining (see Figs 4B, C). The
reduction in Iba-1 staining was dependent on the dosage of CHPG applied, as increasing
CHPG concentrations dose-dependently reduced Iba-1 immunolabeling (see Fig 4D), with a
significant reduction in Iba-1 staining with 41.6mM CHPG treatment (p < 0.05, one-way
ANOVA).

To further investigate the role of mGluR5 on inflammation, we assessed after SCI the
presence of other inflammatory proteins and markers of microglial activation such as
p22phox and gp91phox, components of the NADPH oxidase enzyme expressed in microglial
cells,38 ED1, the common lysosomal marker for activated microglia and macrophages,
Galectin-3 (MAC-2), a cell-surface marker reportedly found only in microglia,40 iNOS, the
enzyme responsible for NO, and the proinflammatory cytokine, TNF-α. Spinal cord tissue
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homogenate was obtained at 24 hours after injury, and TNF-α protein expression was
measured. Vehicle-treated tissue demonstrated a significant increase in TNF-α protein
content, in comparison with sham-injured tissue (Fig 5). Treatment with CHPG significantly
reduced the TNF-α expression (p < 0.05, one-way ANOVA).

Tissue was obtained for Western blot at 7 and 28 days after injury. At 7 and 28 days after
injury, CHPG treatment significantly reduced the expression of p22phox, a membrane-bound
component of NADPH oxidase (Fig 6A), when compared with vehicle-treated rats (p < 0.05,
one-way ANOVA). Although there was a nonsignificant trend toward reduction in ED1
protein expression at 7 days, a marked reduction was observed at 28 days after injury (p <
0.05, one-way ANOVA; see Fig 6B). Also at 28 days, CHPG infusion significantly reduced
expression of Galectin-3/MAC2, a marker of microglial activation38 (p < 0.05, Student’s t
test; see Fig 6C), and iNOS, the enzyme responsible for production of NO (p < 0.05,
Student’s t test; see Fig 6D).

Furthermore, quantitation of immunohistochemical labeling for ED1 expression at 28 days
demonstrated a significant reduction with CHPG treatment in comparison with vehicle
treatment (Student’s t test; Figs 7A–C). Analysis of immunolabeling for gp91phox, the
membrane-bound catalytic subunit of NADPH oxidase, shows that there was no significant
difference between vehicle and treated tissue at 72 hours. However, a significant reduction
in gp91phox staining was observed at 28 days with CHPG treatment (p < 0.05, one-way
ANOVA; see Fig 7).

Metabotropic Glutamate Receptor 5 Is Expressed on Microglia after Spinal Cord Injury
To investigate whether microglia express mGluR5 in vivo, we performed double
immunohistochemical labeling with mGluR5 and microglial markers. In injured spinal cord
tissue, mGluR5 colabeled with markers specific for microglia in the CNS, galectin-341 (Fig
8A) and OX42 (CD11b; see Fig 8B). This double labeling was observed in the lesioned area
at both the lesion epicenter and in the periphery. Negative controls, in which the primary
antibodies were not included, failed to show the same labeling pattern (see Fig 8C).

Metabotropic Glutamate Receptor 5 Stimulation Reduces Spinal Cord Microglial Activation
Because microglia demonstrate regional heterogeneity within the CNS,42 microglia were
cultured from rat spinal cord to determine whether spinal cord microglia are responsive to
mGluR5 activation. These cells were treated with LPS (100ng/ml) with and without 1-hour
CHPG (100μM) pretreatment. LPS stimulation of spinal cord microglia for 24 hours
resulted in a marked increase in NO production and proliferation (p < 0.001, one-way
ANOVA; Figs 9A, B). These increases were significantly reduced by CHPG treatment (p <
0.05, one-way ANOVA; see Figs 9A, B), demonstrating that activation of mGluR5 on spinal
cord microglia attenuates microglial reactivity. All experiments were performed in triplicate
and repeated at least twice.

Metabotropic Glutamate Receptor 5 Stimulation Reduces Microglial-Induced Neurotoxicity
To determine whether mGluR5 plays a role in microglial-induced neurotoxicity, we cultured
spinal cord microglia in transwell plates and stimulated them with LPS (100ng/ml) with or
without CHPG (100μM) pretreatment. Twenty-four hours after stimulation with LPS,
transwell plates were transferred into wells containing neurons. Stimulation of microglia
with LPS before coculture significantly decreased the number of NeuN+ neurons at 24 hours
after coculture (p < 0.05, one-way ANOVA; Fig 10). Pretreatment of microglia with CHPG
resulted in a significant increase in NeuN+ cells (p < 0.05, one-way ANOVA). Microglia
were washed before addition to neurons to eliminate the possibility of a direct effect of
CHPG on neurons in this study. Neither LPS nor CHPG had any direct effect on neurons
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when added without microglia (data not shown). Addition of the selective mGluR5
antagonist MTEP (3-[(2-methyl-1,3 thiazol-4-yl) ethynyl]-pyridine) (100μM) to microglia
before CHPG pretreatment reversed the protective effect of CHPG, reducing neuronal
viability (p < 0.05; see Fig 10), suggesting that CHPG acts through the mGluR5 receptor.

Discussion
Our results provide the first evidence that mGluR5 agonists can significantly improve
behavioral outcome and reduce histopathological changes after SCI. Administration of the
mGluR5 agonist CHPG for 7 days after injury markedly improved motor function,
beginning as early as 14 days after injury. In addition, CHPG treatment significantly reduced
lesion volume and spinal cord tissue loss. Previously, CHPG treatment was reported to have
neuroprotective effects, as measured by improvements in neurological function and reduced
infarct volume, in a rat model of focal brain ischemia32; however, the mechanism of how
CHPG mediated these effects was not explored.

A number of cells in the CNS express mGluRs, with expression profiles dependent on
region. In the spinal cord, mGluR5 is expressed on neurons19,20 and astrocytes.20 In vitro,
microglia have been shown to be mGluR5-positive.30 To our knowledge, this is the first
demonstration that microglia in vivo express mGluR5 (see Fig 7).

mGluR5 activation inhibits caspase-dependent neuronal apoptosis in multiple cell culture
models; administration of CHPG or the less selective group I agonist DHPG (s)-3,5-
dihydroxyphenylglycine to rat cortical neuronal cultures significantly reduces cell death
when neurons are challenged with apoptotic inducers staurosporine and etoposide.43

However, the effect of mGluR5 agonists on apoptosis in vivo has not been examined. In our
SCI model, little neuronal apoptosis was found rostral or caudal to the lesion site, and CHPG
treatment did not significantly reduce cleaved caspase-3 staining in neurons at 72 hours after
injury (data not shown). These data suggest that inhibition of neuronal apoptosis is not a
mechanism of functional recovery in this model. Furthermore, neuronal sparing in the lesion
site would not be expected to have significant functional consequences in the spinal cord,
because T9 level neurons do not innervate hind-limb muscles. Increased white matter
sparing resulting from CHPG treatment, as shown in Figure 2, does, however, correlate with
recovered hind-limb function.

Activation of mGluR5 on spinal cord–derived microglia with CHPG significantly
suppresses markers of microglial activation, such as NO production and proliferation, as
well as associated microglial-induced neuronal toxicity (Figs 10 and 11). Our previous work
has shown similar effects in brain-derived microglia: presence of functional mGluR5
receptors that reduce NO and reactive oxygen species production, as well as neurotoxicity,
in a Gαq-protein–mediated fashion that involves phospholipase C phosphorylation,
hydrolysis of phosphatidyl inositol, protein kinase C activation, and calcium release.30 In
vivo, our data demonstrate a significant reduction in markers of inflammation and microglial
activation, including expression of ED1, galectin-3, p22phox, gp91phox, and iNOS, and the
production of TNF-α. Further, galectin-3 appears to be expressed on activated microglia but
not macrophages after CNS injury,40 supporting a microglial-specific influence. These in
vitro and in vivo data suggest that activation of microglial mGluR5 may contribute to the
protective effects of CHPG after SCI via an antiinflammatory mechanism. Although the
effects on galectin-3 indicate involvement of microglia specifically, we cannot rule out
possible CHPG effects on circulating macrophages. It is unclear whether macrophages
express mGluR5, a question that should be addressed in the future. This report shows that
spinal cord microglia express mGluR5, and that microglial-related inflammation is reduced
by mGluR5 activation. Multiple studies have reported neuroprotection in vitro41,44 or an
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improvement in histological and functional measurements of recovery after SCI17,36,45,46

after other treatments that reduce microglial activity or inflammation.

It is important to note that the influence of microglia and macrophages after SCI is a
controversial topic. For example, acute inhibition of TNF-α, as well as other markers of
inflammation, is associated with functional recovery after SCI.47 Furthermore, this report, as
well as others,48,49 demonstrates a restoration of function after reduction of microglial/
macrophage activity. However, several groups have reported a neuroprotective effect of both
microglia and macrophages.50,51 It is possible that the timing of treatment (acute vs chronic)
or length of treatment determine neuroprotective and neurotoxic effects of activated
microglia/macrophages. For example, during the time of axonal regeneration through the
lesion site, activated microglia/macrophages have been shown to induce retraction of
axons.52 Moreover, differential activation of microglia/macrophages at different time points
may result in tissue loss or preservation.53 Consistent with the concept that neuroprotective
effects of microglial modulation after SCI are time dependent, it has been shown that,
although early inhibition of TNF improves recovery, knocking out the gene serves to impair
recovery.54,55 The antiinflammatory effects demonstrated here indicate that mGluR5
activation may have multipotential neuroprotective actions. Multipotential drugs provide an
attractive therapeutic option because they modulate multiple pathways involved in
secondary injury. Because mGluR5 receptors are expressed on microglia, neurons,
oligodendrocytes, and astrocytes, mGluR5 agonists may have multiple modulatory effects in
vivo (for review, see Byrnes and colleagues56). Because both neuroinflammation and
caspase-dependent neuronal apoptosis have been implicated in many acute and chronic
neurodegenerative disorders,7,57,58 mGluR5 agonist therapy may have broad therapeutic
relevance.
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Fig 1.
Functional effects of metabotropic glutamate receptor 5 (mGluR5) activation after traumatic
spinal cord injury. Hind-limb locomotor function was assessed using the Basso–Beattie–
Bresnahan (BBB) score at days 1, 7, 14, 21, and 28 after injury (A). CHPG treatment
resulted in a significant improvement in BBB score by day 14 after injury, which continued
through day 28. Squares = vehicle; triangles = CHPG. The slope of the line was also
assessed (B). CHPG treatment resulted in a significantly greater rate of recovery than
vehicle. Bars represent mean ± standard error of the mean. *p < 0.05.
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Fig 2.
Magnetic resonance imaging (MRI)–based lesion volume measurements after traumatic
spinal cord injury. At 28 days after injury, rats underwent T2-weighted MRI. Hyperin-tense
regions (arrows) indicate lesion sites in vehicle-treated (A) and CHPG-treated (B) animals.
The MRI-based lesion volume of these hyperintense regions was assessed and demonstrated
a significant reduction with CHPG treatment (C). Bars represent mean ± standard error of
the mean. *p < 0.05.
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Fig 3.
Histological effects of metabotropic glutamate receptor 5 (mGluR5) activation after
traumatic spinal cord injury. Using Eriochrome-stained tissue slides (A), we calculated
cavity (B) and spared white matter volume (C). CHPG infusion resulted in a significant
reduction in cavitation, supporting magnetic resonance imaging (MRI) findings. CHPG
treatment also increased remaining white matter around the lesion area, which stains blue
with the Eriochrome dye. Representative images obtained from the lesion epicenter. Bars
represent mean ± standard error of the mean. *p < 0.05. Scale bar = 500μm.
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Fig 4.
Metabotropic glutamate receptor 5 (mGluR5) activation reduces Iba-1 staining after spinal
cord injury in a dose-dependent manner. At 7 days after injury, spinal cord tissue at the
lesion site was immunolabeled with Iba-1, a marker for activated microglia/macrophages.
Immunolabeling was greatest in tissue that received infusion of vehicle (A). Infusion of
10mM CHPG reduced Iba-1 immunostaining (B). Immuno-staining was further reduced
after treatment with 41mM CHPG (C). Quantitation of immunolabeling demonstrated a
dose-dependent trend with CHPG treatment, and 41mM CHPG significantly reduced
immunopositive pixel density in comparison with vehicle-treated tissue. Representative
images obtained at 1mm caudal to lesion epicenter. Scale bar = 500μm. Bars represent mean
± standard error of the mean. *p < 0.05.
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Fig 5.
Metabotropic glutamate receptor 5 (mGluR5) activation reduces tumor necrosis factor-α
(TNF-α) secretion at 24 hours after spinal cord injury. TNF-α was measured by enzyme-
linked immunosorbent assay in the spinal cord tissue 24 hours after contusion injury. TNF-α
was significantly increased in animals receiving contusion injury and vehicle treatment in
comparison with sham-injured rats. Infusion of CHPG into the spinal cord at 30 minutes
after injury resulted in a significant reduction in TNF-α protein detection. Bars represent
mean ± standard error of the mean. *p < 0.05.
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Fig 6.
Metabotropic glutamate receptor 5 (mGluR5) activation alters the inflammatory response
after spinal cord injury (SCI). Microglial-related inflammatory products p22 phox (A), ED1
(B), Galectin-3 (C), and inducible nitric oxide synthase (iNOS) (D) were found to be
significantly suppressed 7 or 28 days after SCI in animals treated with CHPG in comparison
with control, as measured by Western blotting. Representative Western blots for 7- or 28-
day samples are shown. Bars represent mean ± standard error of the mean. *p < 0.05.
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Fig 7.
Metabotropic glutamate receptor 5 (mGluR5) activation reduces ED1 expression at 28 days
after spinal cord injury (SCI). ED1 expression was measured in spinal cord tissue samples
using fluorescence immunohistochemistry. Vehicle-treated tissue (A) demonstrated a large
amount of staining for ED1 (green) around a large cavity in the center of the tissue, which
was decreased in CHPG-treated tissue (B). TO-PRO-3–stained nuclei (blue) provide
contrast. Images are taken from 2mm rostral to the lesion epicenter. Quantitation of ED1-
positive pixel density showed that this reduction is statistically significant (C). Bars
represent mean ± standard error of the mean. *p < 0.05. Scale bar = 500μm.
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Fig 8.
Metabotropic glutamate receptor 5 (mGluR5) activation reduces gp91phox expression at 28
days after spinal cord injury (SCI). Immunolabeling for gp91phox (green) was performed at
72 hours (A, B) and 28 days (C, D) after injury in vehicle- (A, C) and CHPG-treated (B, D)
tissue. TO-PRO-3–stained nuclei (blue) provide contrast. Quantitation of gp91phox-positive
pixel density demonstrated a significant reduction in CHPG-treated tissue at 28 days after
injury (E). Images are taken from 2mm caudal to the lesion epicenter. Bars represent mean ±
standard error of the mean. *p < 0.05. Scale bar = 500μm.
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Fig 9.
Microglia express metabotropic glutamate receptor 5 (mGluR5). Double labeling for
mGluR5 and various markers of microglia was performed to determine whether microglia
express mGluR5 in the spinal cord. mGluR5 (green) is expressed on Galectin-3–(red; A, B)
or OX42 (red, C)-positive microglia (arrows) in injured spinal cord. Double labeling is
shown magnified in (B). Areas of double labeling are indicated by yellow. Negative
controls, in which the primary antibody for mGluR5 is OX42, are shown (D), and lack
cellular labeling observed in (A–C).
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Fig 10.
CHPG inhibits lipopolysaccharide (LPS)-induced activation in spinal cord–derived
microglia. Spinal cord microglial activation was measured by proliferation (MTS assay, A)
and nitric oxide production (B) at 24 hours after stimulation. Both measurements were
significantly inhibited by pretreatment with the metabotropic glutamate receptor 5
(mGluR5) agonist, CHPG (100μM). Bars represent mean ± standard error of the mean. **p
< 0.01 vs control; #p < 0.05 vs LPS.
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Fig 11.
CHPG inhibits microglial-induced neurotoxicity. Neuronal number, as measured by
counting neuronal nuclei–positive(NeuN+) cells 24 hours after microglia/neuron coculture.
The number of NeuN+ cells was reduced by the coincubation of lipopolysaccharide (LPS)-
stimulated microglia with neurons; this was reversed by the pretreatment of microglia with
CHPG. Addition of the metabotropic glutamate receptor 5 (mGluR5) antagonist, MTEP
(100μM), inhibited the effect of CHPG on microglial-induced neurotoxicity, demonstrating
an mGluR5-mediated effect by CHPG. Bars represent mean ± standard error of the mean. *p
< 0.05 vs control; #p < 0.05 vs LPS; +p < 0.05 vs CHPG + LPS.
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Table 1

Table Definition of Groups

Survival Time Number per Group Outcome Measures

24 hours 5 CHPG 41.6mM Tumor necrosis factor-α enzyme-linked immunosorbent assay

5 vehicle

3 sham

72 hours 4 CHPG 41.6mM Immunohistochemistry

4 vehicle

2 sham

7 days 4 CHPG 41.6mM Immunohistochemistry

4 CHPG 10mM

4 vehicle

7 days 4 CHPG 4.16mM Western blot

4 vehicle

2 sham

28 days 15 CHPG
41.6mM

Functional assessment

15 vehicle

Subgroups (randomly selected):

5/group Magnetic resonance imaging

4/group Immunohistochemistry

4/group Western blot

CHPG = (RS)-2-chloro-5-hydroxyphenylglycine.
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