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Abstract

Chronic pain is a large, unmet public health problem. Recent studies have demonstrated the 

importance of neuroinflammation in the establishment and maintenance of chronic pain. However, 

pharmacotherapies that reduce neuroinflammation have not been successfully developed to treat 

chronic pain thus far. Several preclinical studies have established imidazoline I2 receptor (I2R) 

agonists as novel candidates for chronic pain therapies, and while some I2R ligands appear to 

modulate neuroinflammation in certain scenarios, whether they exert anti-neuroinflammatory 

effects in models of chronic pain is unknown. This study examined the effects of the prototypical 

I2R agonist 2-(2-benzofuranyl)-2-imidazoline hydrochloride (2-BFI) on hypersensitivity and 

neuroinflammation induced by chronic constriction injury (CCI), a neuropathic pain model in rats. 

In CCI rats, twice-daily treatment with 10 mg/kg 2-BFI for seven days consistently increased 

mechanical and thermal nociception thresholds, reduced GFAP and Iba-1 levels in the dorsal horn 

of the spinal cord, and reduced levels of TNF-α relative to saline treatment. These results were 

recapitulated in primary mouse cortical astrocyte cultures. Incubation with 2-BFI attenuated GFAP 

expression and supernatant TNF-α levels in LPS-stimulated cultures. These results suggest that 
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I2R agonists such as 2-BFI may reduce neuroinflammation which may partially account for their 

antinociceptive effects.
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1. Introduction

Chronic pain is a massive and undertreated healthcare problem despite decades of research. 

It affects over 100 million people in the United States alone – more than cancer, heart 

disease, and diabetes combined – carries an economic burden of over $600 billion, and 

reduces quality of life, second only to bipolar disorder as the leading cause of suicide among 

medical illnesses [1–3]. This problem is exacerbated by ineffective analgesics currently 

available and a lack of novel pharmacotherapies introduced to the market within the past 50 

years [4, 5].

The important role of neuroinflammation in pain has been increasingly acknowledged over 

the past several years [for review, see 6], and immunocompetent cells of the central nervous 

system (CNS) including microglia and astrocytes have become recognized as essential to 

pain pathophysiology. Under normal conditions, painful stimuli from the periphery are 

transmitted via primary neurons through the dorsal horn of the spinal cord to numerous brain 

regions, constituting the ascending pain pathway. The descending pain pathway, comprised 

of fibers projecting from the brain stem to the spinal cord, can suppress pain transmission by 

the release of neurotransmitters such as serotonin (5-HT) and norepinephrine (NE). In 

response to tissue or nerve injury, microglia and astrocytes “activate” by proliferating in 

number and releasing a range of factors including pro-inflammatory cytokines (e.g., TNF-α, 

IL-1β) that profoundly affect neurons to promote hyperalgesia and allodynia [7], a 

relationship demonstrated to be causally related [8]. These pro-inflammatory substances are 

thought to augment pain signals by a) enhancing pain-transmitting neuron excitability by 

increasing NMDA and AMPA receptor signaling and calcium permeability, and blocking the 

uptake of glutamate by astrocytes to increase glutamatergic signaling, while b) diminishing 

inhibitory transmission by weakening GABA and glycine release by inhibitory interneurons 

and inhibitory descending projections. However, while this neuroimmune interface appears 

to be a target for analgesics, traditional glial inhibitors like minocycline have returned low 

efficacy in clinical trials [9–11]. Therefore, the development of compounds which take 

advantage of neuroimmune interactions to treat pain is still required.
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The imidazoline I2 receptor (I2R) has been established as a promising target for chronic pain 

therapy. I2R agonists such as 2-BFI are effective in several preclinical chronic pain models 

as monotherapies but also enhance opioid analgesia in an additive to synergistic manner 

while decreasing opioid tolerance and physical dependence. Although the clearest role of 

I2Rs based on the available molecular evidence is allosteric modulation of monoamine 

oxidase (MAO) A [12] and B [13], the presence of I2Rs on glia and their ability to influence 

glial activation has also been documented. I2Rs were found in astrocyte but not neuron rat 

primary cerebral cortical cultures [14], and increased densities of I2Rs were found in human 

patients with gliomas relative to control and non-glial tumor patients, suggesting that I2Rs 

may be principally expressed by glial cells [15]. A regulatory role for I2Rs on glial activity 

was proposed in vitro as the induction of nitric oxide synthase type-2 (NOS-2) in rat primary 

astrocytes or RAW 264.7 macrophages by lipopolysaccharide (LPS) plus cytokines was 

attenuated by co-incubation with an I2R ligand [16]. Similar results were found in vivo. In 

mice with brain and spinal cord injury induced by experimental autoimmune 

encephalomyelitis (EAE), 2-BFI administration for ten days reduced spinal microglial 

activation, reduced levels of cytokines such as interferon-γ (IFN- γ) and TNF-α in blood 

and spinal cord, and improved symptom severity scores [17, 18]. However, despite the 

causal relationship between chronic pain and neuroinflammation, the effects of I2R agonists 

on glia in in vivo models of chronic pain have not yet been examined.

This study measured the antinociceptive effects of the I2R agonist 2-BFI in rats with chronic 

constriction injury (CCI)-induced neuropathic pain over a seven-day treatment period, then 

examined spinal microglial and astrocytic activation and TNF-α levels to determine if 2-BFI 

treatment modulated CCI-induced neuroinflammation. In a separate experiment, the effects 

of 2-BFI on mouse primary cortical astrocyte cultures, stimulated with LPS to mimic 

neuroinflammation, was examined.

2. Methods

2.1 Subjects

Male (n = 36 rats) Sprague-Dawley rats (Envigo, Indianapolis, IN) 10–12 weeks old and 

weighing approximately 250 g at experiment onset were individually housed on a 12/12-

hour light/dark cycle with behavioral experiments conducted during the light period. All rats 

had free access to standard rodent chow and water, except during test sessions. Treatment 

conditions were randomly assigned and group size was determined by previous studies from 

our laboratory to ensure sufficient statistical power. All animals were maintained and 

experiments were conducted in accordance with guidelines of the International Association 

for the Study of Pain [19] and with the 2011 Guide for the Care and Use of Laboratory 
Animals [20], and all procedures were approved by the Institutional Animal Care and Use 

Committee, University at Buffalo, the State University of New York (Buffalo, NY).

2.2 Induction of neuropathic pain

Neuropathic pain was induced by CCI procedure [21, 22]. Briefly, rats were anesthetized 

with a mixture of ketamine (60 mg/kg) and xylazine (15 mg/kg) intraperitoneally (i.p.) prior 

to surgery. The right sciatic nerve was exposed, and four ligatures (4.0 chromic gut suture, 
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Patterson Veterinary, Devens, MA) were placed around the nerve (approximately 1 mm 

apart) proximal to the trifurcation. Ligatures were loosely tied such that circulation through 

the epineural vasculature was uninterrupted. The incisions were closed with surgical clips.

2.3 Mechanical and thermal nociception

Behavioral testing and drug treatment began one day after CCI surgery. Thermal 

hyperalgesia was measured by the Hargreaves test using equipment and procedures 

described previously [23]. Briefly, rats (n = 9 per group) were placed in transparent test 

chambers atop an elevated clear glass platform through which a light beam was projected 

from a heat source onto the hind paw. This thermal stimulus was applied until the rat 

withdrew its paw or 20 s had elapsed to determine the paw withdrawal latency (PWL). 

Measurements were taken in duplicate approximately 1 min apart, and the average was used 

for statistical analysis. Mechanical hyperalgesia was measured by the von Frey filament test 

using equipment and procedures as described in detail previously [23]. Briefly, rats were 

placed in transparent test chambers atop a wire mesh platform through which filaments were 

applied perpendicularly to the medial plantar surface of the hind paw from below the mesh 

floor to determine the paw withdrawal threshold (PWT), defined as the lowest strength 

filament that elicited a behavioral response in at least two out of three applications. In all 

experiments, experimenters were blind to the treatments, and they received extensive 

training with the von Frey and Hargreaves procedures to ensure accurate judgment of paw 

withdrawal responses and minimize experimenter bias.

Each day, baseline thermal and mechanical thresholds were measured immediately prior to 

saline or 10 mg/kg 2-BFI treatment. This dose of 2-BFI was chosen as it produces 

significant antinociception [23]. Since 2-BFI-induced antinociception reaches a peak effect 

at 30 min post-injection, thermal thresholds were measured beginning at 25 min post-

injection, after which rats were transferred to the mechanical nociception apparatus to 

habituate before mechanical thresholds were measured beginning at 35 min post-injection. 

At least 6 h later, rats received either saline or another 10 mg/kg 2-BFI injection, depending 

on group assignment.

2.4 TNF-α bioassay

The lytic effect of TNF-α on WEHI-13VAR fibroblast cells was used to analyze lumbar 

spinal cord tissue homogenates for the presence of biologically active TNF-α [24, 25]. 

Immediately after sacrifice (1 hr following the final drug treatment), spinal cord samples ere 

harvested on ice, snap frozen, and stored at −30°C until processing, with spinal cords 

collected from four rats per treatment group, which has been previously demonstrated to 

provide sufficient statistical power in this assay [25]. Samples were weighed, homogenized 

in 3 mL RPMI-1640 supplemented with glutamine (2 mM) and a protease inhibitor cocktail 

(PIC; 2.5 μl/50 mg tissue), then centrifuged at 14,000 × g for 15 min at 4°C. Supernatants 

were stored at −30°C.

WEHI-13VAR fibroblast cells, a TNF-α-sensitive cell line derived from a mouse 

fibrosarcoma (ATCC, Manassas, VA), were grown in culture medium containing: 

RPMI-1640, 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum (FBS; Invitrogen, 
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Chicago, IL), and 3 μg/mL gentamicin (Sigma-Aldrich, St. Louis, MO) in T75 flasks at 

37°C, 95% relative humidity, 5% CO2. Cells used in the bioassay were cultured to 

approximately 90% confluency and were always below passage 25 to avoid loss of TNF-α 
sensitivity. Cells were prepared for the assay by detaching with 0.25% trypsin and 0.02% 

EDTA (Sigma-Aldrich, St. Louis, MO), adding 10 mL/flask culture medium, then 

supplementing with 1 μg/mL actinomycin D (Calbiochem, La Jolla, CA) to a concentration 

of 500,000 cells/mL. 100 μL of cell suspension was added to each well of a flat-bottom 96-

well tissue culture plate containing 100 μL of 2-fold serial dilutions of unknown samples, in 

triplicate, or known concentrations of recombinant rat TNF-α standards (rrTNF, R&D 

Systems, Minneapolis, MN) in diluting medium, RPMI-1640, 2 mM L-glutamine, 1% heat-

inactivated fetal bovine serum, and 15 mM HEPES (Sigma-Aldrich, St. Louis, MO). 

Following 20 hr incubation at 37°C, 95% RH, 5% CO2, 10 μL of a 1:1 diluted solution of 

diluting media and the pre-mixed Cell Proliferation Reagent WST-1 (a solution of the 

tetrazolium salt, WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-

benzene disulfonate and an electron coupling reagent) (Takara Bio USA, Inc., Mountain 

View, CA) was added to each well. After incubating for 4 hr at 37°C, 95% RH, 5% CO2, the 

absorbance at 440 and 700 nm was measured using a SpectraMax 190 microplate reader 

with SoftMax Pro v4.0 acquisition and analysis software (MDS Analytical Technologies, 

Sunnyvale, CA). A standard curve (0.01 pg/mL – 10,000 pg/mL, reverse sigmoid in shape) 

of the (OD440 – OD700) vs log[TNF-α] was plotted and the [TNF-α] of each sample was 

determined from the dilution closest to the inflection point of the standard curve. This assay 

is based on the specific cytotoxicity of the WEHI-13VAR cells to TNF-α in the presence of 

actinomycin D, and has a detection limit of approximately 1 pg/mL. WST-1 counting 

solution was used as a cell viability indicator, which is quantitated spectrophotometrically, 

so increased TNF-α concentrations result in augmented cell death and thus reduced 

absorbance at 440 nm. Results are expressed as pg TNF-α/100 mg tissue weight.

2.5 Primary culture of mouse cortical astrocytes

Primary cultures of mouse cortical astrocytes were prepared as described by Amur-Umarjee 

et al. [26]. Brains from newborn (P1–P2) C57BL/6 mice were dissected under sterile 

conditions. The cortex was isolated, mechanically dissociated, and plated on poly-D-lysine-

coated flasks in Dulbecco’s modified Eagle’s medium and Ham’s F12 (DMEM/F12; 1:1 

v/v) (Life Technologies, Carlsbad, CA), containing 100 μg/mL gentamycin and 

supplemented with 4 mg/mL dextrose anhydrous, 3.75 mg/mL HEPES buffer, 2.4 mg/mL 

sodium bicarbonate, and 10% FBS. After 24 h the medium was changed and the cells were 

grown in DMEM/F12 supplemented with insulin (5 μg/mL), human transferrin (50 μg/mL), 

sodium selenite (30 nM), d-biotin (10 mM), 0.1% bovine serum albumin (BSA), 1% FBS, 

and 1% horse serum. After 14 days, oligodendrocytes and microglia were removed from the 

mixed glial culture by the differential shaking and adhesion procedure [27] and the 

astrocytes were collected from the flasks by trypsinization. The cells were plated on 24-well 

plates containing coverslips coated with poly-D-lysine (105 cells per well). Cells were grown 

until confluent in defined culture media G5: DMEM/F12 supplemented with hydrocortisone 

(10 nM), sodium selenite (30 nM), insulin (5 μg/mL), human transferrin (50 μg/mL) d-biotin 

(10 ng/mL) bFGF (5 ng/mL), and EGF (10 ng/mL). Cells were treated with or without 

lipopolysaccharide (LPS; 1 μg/mL) in combination with 0, 1 μM, 10 μM, or 100 μM 2-BFI 
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for 3 d. While no experiments had used 2-BFI in astrocyte cultures previously, similar 

concentrations were previously used in in vitro experiments with other cell types [28, 29]. 

Subsequently, cell culture supernatants were collected and snap frozen and stored at −80°C 

until analyzed. The cells were rinsed in PBS, fixed in 4% buffered paraformaldehyde for 20 

min at room temperature (RT), and then stored under PBS at 4°C until analyzed.

2.6 Enzyme-linked immunosorbent assay (ELISA)

The release of TNF-α into the cell culture supernatant was measured using the Mouse TNF-

α DuoSet ELISA kit (R&D Systems, Minneapolis, MN). The ELISA procedure was 

performed according to the manufacturer’s instructions and absorbance was measured at 450 

nm with a subtraction of absorbance at 570 nm using a microplate reader (BioRad).

2.7 Immunocytochemistry

1 h following the final drug treatment and behavioral test, rats were anesthetized with 

sodium pentobarbital (100 mg/kg, i.p.) and transcardially perfused with ice cold PBS 

followed by 4% PFA in PBS (pH 7.4). The L4–5 segments of spinal cord were then 

harvested, post-fixed in the 4% PFA solution overnight at 4°C, and immersed in 30% 

sucrose in 0.1 M phosphate buffer for 48 h at 4°C for cryoprotection. Spinal cord sections 

were cut at 20 μm in a cryostat and then processed for immunofluorescence. The sections 

were blocked with 3% normal donkey serum (NDS; Jackson ImmunoResearch) for 2 h at 

RT, then incubated at 4°C overnight with gentle rocking with one of the following primary 

antibodies: Iba-1 antibody (rabbit, 1:500, Wako, Richmond, VA) or GFAP antibody (rabbit, 

1:1000, Millipore, Billerica, MA). Following three 15 min rinses in PBS, the sections were 

incubated for 2 h at RT with gentle rocking with AlexaFluor 488-conjugated secondary 

antibody (donkey, 1:500, Jackson ImmunoResearch, West Grove, PA), then washed again in 

PBS. The stained sections were mounted on microscope slides with Vectashield HardSet 

Mounting Medium containing DAPI (Vector Laboratories, Burlingame, CA). Fluorescent 

images were captured with the 10× objective of an Olympus IX51 microscope and stitched 

together to create a montage using FIJI software.

Fixed mouse primary cortical astrocytes were stained with and antibody against GFAP and 

examined by fluorescence microscopy. Briefly, after rinsing in fresh PBS, cells were 

permeabilized with 0.1% Triton X-100 in PBS for 2 min at RT. The cells were then 

incubated in a blocking solution of 5% normal donkey serum (NDS) in PBS followed by 

overnight incubation at 4°C with anti-GFAP primary antibody (rabbit, 1:1000, Millipore, 

Billerica, MA). Cells were then incubated with secondary antibody conjugated with 

AlexaFluor 488 (1:500, Jackson Immunoresearch) for 2 h at RT. Coverslips were mounted 

onto microscope slides with Vectashield HardSet Mounting Medium containing DAPI 

(Vector Laboratories, Burlingame, CA). Fluorescent images were captured with the 10× 

objective of an Olympus IX51 microscope and stitched together to create a montage using 

FIJI software.

2.8 Data analysis

Data are expressed as mean ± SEM. Nociception data were analyzed by two-way mixed 

model ANOVA (day × treatment) followed by Bonferroni’s post-test. For the analysis of 
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Iba-1 or GFAP immunoreactivity, the images of the spinal cord dorsal horn were captured, 

laminae I–IV were outlined, and a numerical value of the average pixel intensity was 

calculated with ImageJ. The background fluorescence intensity was subtracted within each 

section, and at least five sections per animal were used in the analysis. For the analysis of 

GFAP immunoreactivity in mouse cortical astrocytes, the captured pictures had backgrounds 

subtracted, and then five randomly selected frames were analyzed for the average pixel 

intensity with ImageJ. All images were analyzed under blinded conditions. Fluorescence 

intensity and concentration of TNF-α was analyzed with Student’s unpaired two-tailed t-test 

or one-way ANOVA followed by Bonferroni’s post-test. For all statistical analyses, p < 0.05 

was considered statistically significant.

2.9 Drugs

2-(2-benzofuranyl)-2-imidazoline hydrochloride (2-BFI) was synthesized according to 

standard procedures [30], dissolved in normal saline, and administered i.p. in a volume of 1 

mL/kg. The drug purity was confirmed by HPLC (> 98% purity). Depending on group 

assignment, rats received either two daily injections of saline or two daily injections of 10 

mg/kg 2-BFI, with injections separated by at least six hours.

3. Results

Prior to CCI surgery, the average PWL for all rats was 16.90 ± 0.36 s. According to two-way 

mixed-model ANOVA, with day as the within-subject factor, CCI surgery significantly 

affected PWL with significant day × CCI interaction (F(7, 112) = 3.26, p < 0.01), and 

significant main effects of both day (F(7, 112) = 8.31, p < 0.0001) and CCI surgery (F(1, 

112) = 85.66, p < 0.0001). Daily treatment with 10 mg/kg 2-BFI significantly increased 

PWL in rats with CCI surgery as compared to saline with significant main effects of day 

(F(7, 112) = 9.38, p < 0.0001) and 2-BFI (F(1, 112) = 17.27, p < 0.001), but no significant 

day × 2-BFI interaction. 2-BFI treatment did not significantly alter PWL in sham rats (Fig. 

1, left). Prior to CCI surgery, the average PWT for all rats was 25.7 ± 0.3 g. According to 

two-way mixed-model ANOVA, CCI surgery significantly affected PWT with significant 

day × CCI interaction (F(7, 112) = 139.61, p < 0.0001), and significant main effects of both 

day (F(7, 112) = 145.37, p < 0.0001) and CCI surgery (F(1, 112) = 946.69, p < 0.0001). 

Daily treatment with 2-BFI significantly increased PWT in rats with CCI surgery as 

compared to saline with a significant day × 2-BFI interaction (F(7, 112) = 6.26, p < 0.0001) 

and significant main effects of day (F(7, 112) = 17.98, p < 0.0001) and 2-BFI (F(1, 112) = 

185.04, p < 0.0001). 2-BFI treatment did not significantly affect PWT in sham rats (Fig. 1, 

right).

Next, Iba-1 and GFAP expression in the lumbar spinal cord were examined by 

immunofluorescence staining. Relative to the sham-saline group, Iba-1 average pixel 

intensity in the CCI-saline group was increased by 5.87-fold, significant according to t-test 

(t(8) = 7.22, p < 0.0001). Twice-daily treatment with 2-BFI significantly attenuated this 

increase in Iba-1 expression (t(8) = 2.58), p < 0.05). 2-BFI treatment did not alter Iba-1 

expression in sham rats (Fig 2). Similarly, GFAP average pixel intensity in the CCI-saline 

group was increased by 2.31-fold relative to the sham-saline group, significant according to 
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t-test (t(8) = 7.43, p < 0.0001). Twice-daily treatment with 2-BFI significantly attenuated 

this increase in GFAP expression (t(8) = 3.03), p < 0.05). 2-BFI treatment did not alter 

GFAP expression in sham rats (Fig. 3).

Spinal cord TNF-α levels were then analyzed via WEHI cell-based bioassay. TNF-α was 

increased by 2.67-fold in spinal cord homogenate from the CCI-saline group as compared to 

the sham-saline group (t(6) = 2.97, p < 0.05). Twice-daily treatment with 2-BFI significantly 

attenuated this increase in the CCI-2-BFI group (t(6) = 2.63, p < 0.05). 2-BFI treatment did 

not significantly alter the TNF-α level in sham rats (Fig. 4).

In mouse cortical astrocyte cultures, LPS stimulation significantly increased GFAP staining 

intensity relative to control cultures (t(8) = 5.99, p < 0.001). 2-BFI produced a significant 

main effect on GFAP intensity in LPS-stimulated cultures (one-way ANOVA: F(3, 16) = 

56.41, p < 0.0001). Bonferroni’s post-test revealed that GFAP intensity in 1 μM 2-BFI-

treated, LPS-stimulated cultures was increased as compared to LPS alone (p < 0.01), 

whereas GFAP intensity was decreased in 10 μM (p < 0.05) and 100 μM (p < 0.001) 2-BFI-

treated, LPS-stimulated cultures. No significant effect was observed in cultures treated with 

2-BFI alone (Fig 5). Relative to control cultures, stimulation with LPS increased supernatant 

concentrations of TNF-α by 17.92-fold (t(2) = 25.10, p < 0.01). 2-BFI produced a 

significant main effect on TNF-α secretion in LPS-stimulated cultures (one-way ANOVA: 

F(3, 4) = 24.24, p < 0.01). Bonferroni’s post-test revealed that TNF-α concentrations in the 

1, 10, and 100 μM 2-BFI LPS-stimulated cultures were significantly reduced as compared to 

control LPS-stimulated cultures. No significant effect on TNF-α was found in cultures 

treated with 2-BFI alone (Fig. 6).

4. Discussion

The primary findings of this study were that the I2R agonist 2-BFI produced consistent 

thermal and mechanical antinociception when administered twice daily over a period of 

seven days in a model of CCI-induced neuropathic pain. CCI rats treated with 2-BFI 

displayed significantly attenuated activation of spinal microglia and astrocytes as well as 

spinal cord levels of TNF-α as compared to saline-treated CCI rats. Likewise, in mouse 

primary cortical astrocyte cultures stimulated with LPS, 2-BFI significantly attenuated 

increases in GFAP expression and supernatant TNF-α concentration. These data are the first 

to suggest that I2R agonists may inhibit neuroinflammation by exerting effects directly on 

glial populations such as astrocytes, which may in turn contribute to the antinociceptive 

effects of these compounds.

CCI-induced neuropathic pain is a commonly-used and well-validated rodent model of 

chronic pain. CCI surgery induces persistent hypersensitivity of the ipsilateral hindpaw to a 

range of stimuli for over two months after surgery [21, 22], and as such is an appropriate 

model with which to study possible analgesics. As previously demonstrated, the prototypical 

I2R agonist 2-BFI produced consistent and acute antinociception over a course of seven days 

when administered to CCI rats [22], with no apparent development of tolerance despite 

twice-daily treatment. Studies using other I2R agonists have demonstrated that tolerance to 

the antinociceptive effects of these compounds develops remarkably slowly as compared to 
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other analgesics such as opioids, and that they also attenuate the development of opioid 

tolerance and dependence [31, 32]. However, despite years of research, the mechanism of 

I2R agonists underlying antinociception remains elusive. MAO inhibition is the most often-

proposed mechanism for I2Rs, but mechanisms other than increased synaptic monoamine 

concentrations may be equally if not more important to their antinociceptive effects. 

Previous studies showed that I2Rs exist on multiple proteins, some of which are yet 

unidentified, and are expressed either partially [33] or solely [14] by glial cells like 

astrocytes as opposed to neurons. This is further supported by increased I2R density in 

human brains with gliomas but not non-glial tumors [15, 34]. Functional relevance of the 

glial localization of I2Rs was demonstrated in vitro as an I2R ligand attenuated the induction 

of NOS-2, an inflammatory mediator, in stimulated rat primary astrocytes or RAW 264.7 

macrophages [16]. In vivo, 2-BFI attenuated microglial activation, reduced levels of pro-

inflammatory cytokines including TNF-α in blood and spinal cord, and improved symptom 

severity scores in EAE mice [17, 18]. These previous data suggest that I2R activation can 

attenuate glial reactivity and neuroinflammation in certain models. Given the bidirectional 

relationship between neuroinflammation and chronic pain, it was feasible that anti-

neuroinflammatory action contributes to the antinociceptive effects of I2R agonists in 

chronic pain models. However, this possibility has not yet been tested.

We first examined whether twice-daily treatment with 2-BFI for 7 days altered glial 

activation in the lumbar spinal cord, a CNS region previously demonstrated to be important 

for hind paw pain hypersensitivity in rodents [8]. Relative to healthy control rats, CCI 

induced a significant increase in Iba-1 and GFAP expression, similar to results reported 

previously [35–38]. 2-BFI treatment did not alter the Iba-1 or GFAP expression in healthy 

rats, but significantly attenuated the increases in staining for both glial markers in CCI rats. 

While microglial and astrocytic activation were only partially attenuated to intermediate 

levels between CCI and control rats, this level of inhibition has been previously shown to be 

behaviorally relevant in producing antinociception [39]. Indeed, 10 mg/kg 2-BFI is not a 

maximally analgesic dose, thus it is possible that higher doses may have led to greater 

inhibition. Further studies are needed to discern the dose-dependence relationship of this 

effect. CCI also induced a significant increase in spinal TNF-α protein levels, a phenomenon 

that has also been described in rodent chronic pain models [7, 40, 41], and was significantly 

attenuated by 2-BFI treatment. These data suggest that repeated treatment with 2-BFI 

suppresses both gliosis as well as pro-inflammatory cytokine secretion which may underlie, 

at least in part, the antinociceptive effects of 2-BFI.

Due to interactions between cell types, it is difficult to determine the direct action of a 

pharmacological agent on a particular cell type in vivo. For instance, neurons alter GFAP 

levels in astrocytes [42] and release glutamate which induces astrocytic expression of the 

glutamate transporters GLAST and GLT-1, and induces Ca2+ oscillations in astrocytes [43, 

44]. Thus, I2R-mediated attenuation of glial reactivity could have been secondary to a direct 

effect on neurons. To further elucidate this possibility, we performed in vitro experiments 

using mouse primary astrocyte cultures. Although mouse and rat astrocytes exhibit 

differences in morphology, differentiation, and functionality [45, 46], they display similar 

reactivity to stimuli such as LPS, which mimics in vivo neuroinflammation [45, 47, 48]. 

Similar to these and other previous reports [39], three-day incubation with LPS induced a 
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significant increase in GFAP expression in the astrocyte cultures. 2-BFI alone did not alter 

GFAP expression, but co-incubation of 2-BFI in LPS-stimulated cultures dose-dependently 

attenuated the increase in GFAP. Parallel analysis of astrocyte culture supernatants revealed 

that 2-BFI also attenuated LPS-induced TNF-α secretion. While these results cannot 

completely rule out the possibility that I2R activation on other cell types may contribute to 

the inhibitory effect on neuroinflammation, they do indicate astrocytes as one direct site of 

action.

Although previous literature had suggested a role of I2Rs in modulating glial reactivity, a 

lack of molecular information on I2Rs makes the mechanistic basis of the effects reported in 

the current study difficult to propose. Interestingly, several antidepressant monoaminergic 

drugs, including reversible MAO inhibitors, have been demonstrated to produce 

antinociception in vivo [49–52] as well as anti-neuroinflammatory effects in vivo and in 

LPS-stimulated glial cultures [53–57]; since I2Rs modulate MAO activity, monoaminergic 

mechanisms may explain the present results. While the mechanisms underlying the anti-

neuroinflammatory effects of antidepressant drugs are also unclear, their suppression of glial 

activation and cytokine release may be a consequence of binding to 5-HT and NE 

transporters which are expressed by astrocytes [58, 59], or to monoaminergic receptors; 

microglia and astrocytes express several adrenergic receptor subtypes, and astrocytes 

additionally express several serotonin receptor subtypes [60, 61]. Yet again, direct activation 

of these receptors also reduces cytokine release [62, 63] so it is difficult to discern whether 

the driving factor to reduce neuroinflammation is increased monoamine concentrations or a 

mechanistically distinct direct effect on glia by antidepressants. I2R activation on currently 

unknown proteins could also be involved in these effects. Whatever the mechanistic 

explanation may be, it seems clear that antidepressant drugs have anti-neuroinflammatory 

effects which are at least partially exerted directly on glia to produce antinociception, and 

the data from the current study suggest that the same may be true for I2R agonists. While 

spinal infiltrating macrophages as opposed to glia were shown to mediate chronic pain in 

female mice [37], I2R agonists may also suppress inflammatory activation of these cells as 

reported previously in vitro to account for the efficacy of these drugs in female animals [16, 

23]. Should the anti-neuroinflamamatory effects of I2R agonists be further established, they 

may be found to account for some other beneficial I2R-associated effects such as reduced 

tolerance to opioids [31], as opioid tolerance may result from increased neuroinflammation 

following repeated opioid exposure [64, 65]. However, further information regarding the 

distribution and molecular roles of I2Rs is ultimately needed to explain their mechanisms of 

action on glia.

In summary, this is the first study to report that repeated treatment with an I2R agonist 

reduces glial reactivity and pro-inflammatory cytokine secretion in a rodent model of 

chronic pain. Similar results were found in an in vitro model of neuroinflammation in 

cultured mouse astrocytes, suggesting a primary site of I2R action on astrocytes. These 

findings provide evidence that I2R agonists reduce neuroinflammation, which may underlie 

their antinociceptive effects.
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AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

ANOVA analysis of variance

CCI chronic constriction injury

EAE experimental autoimmune encephalomyelitis
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Figure 1. 
CCI-induced thermal (top) and mechanical (bottom) hyperalgesia and antinociceptive effects 

of twice-daily 10 mg/kg 2-BFI in rats (n = 9 rats per group). Ordinates: top, paw withdrawal 

latency (s), bottom, paw withdrawal threshold (g). Abscissas: days after CCI surgery. *** P 
< 0.0001 main effect of CCI surgery or 2-BFI.
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Figure 2. 
Effects of 2-BFI on microglial activation in the dorsal horn of the lumbar spinal cord seven 

days following sham or CCI surgery (n = 5 rats per group). Images show representative 

Iba-1 immunofluorescence in sham-saline (top left), sham-2-BFI (top right), CCI-saline 

(bottom left), and CCI-2-BFI (bottom right) rats. Graph shows quantification of Iba-1 

immunofluorescence (bottom). *** P < 0.0001 compared to sham-saline, # P < 0.05 

compared to CCI-saline.
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Figure 3. 
Effects of 2-BFI on astrocytic activation in the dorsal horn of the lumbar spinal cord seven 

days following sham or CCI surgery (n = 5 rats per group). Images show representative 

GFAP immunofluorescence in sham-saline (top left), sham-2-BFI (top right), CCI-saline 

(bottom left), and CCI-2-BFI (bottom right) rats. Graph shows quantification of GFAP 

immunofluorescence (bottom). *** P < 0.0001 compared to sham-saline, # P < 0.05 

compared to CCI-saline.
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Figure 4. 
Effects of 2-BFI on TNF-α level in the lumbar spinal cord seven days following sham or 

CCI surgery (n = 4 rats per group). * P < 0.05 compared to sham-saline, # P < 0.05 

compared to CCI-saline.
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Figure 5. 
Effects of 2-BFI on GFAP expression in primary mouse cortical astrocyte cultures. Images 

show representative GFAP immunofluorescence in control and LPS-treated cultures co-

incubated with 0–100 μM 2-BFI (top). Graph shows quantification of GFAP 

immunofluorescence (bottom). *** P < 0.001 compared to control; # P < 0.05, ### P < 

0.001 compared to LPS-0 μM 2-BFI.
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Figure 6. 
Effects of 2-BFI on supernatant TNF-α concentrations in control and LPS-treated mouse 

primary cortical astrocyte cultures. ** P < 0.01 compared to control; # P < 0.05, ## P < 0.01 

compared to LPS-0 μM 2-BFI.
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