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Abstract

Many commonly used chemotherapeutics including oxaliplatin are associated with the 

development of a painful chemotherapy-induced peripheral neuropathy (CIPN). This dose-limiting 

complication can appear long after the completion of therapy causing a significant reduction in 

quality-of-life and impeding cancer treatment. We recently reported that activation of the Gi/Gq-

coupled A3 adenosine receptor (A3AR) with selective A3AR agonists (i.e., IB-MECA) blocked the 

development of chemotherapy induced-neuropathic pain in models evoked by distinct agents 

including oxaliplatin without interfering with their anticancer activities. The mechanism(s) of 

action underlying these beneficial effects has yet to be explored. Our results demonstrate that the 

development of oxaliplatin-induced mechano-hypersensitivity (allodynia and hyperalgesia) in rats 

is associated with the hyperactivation of astrocytes, but not microglial cells, increased production 

of pro-inflammatory and neuroexcitatory cytokines (TNF, IL-1β), and reductions in the levels of 

anti-inflammatory/neuroprotective cytokines (IL-10, IL-4) in the dorsal horn of the spinal cord. 

These events did not require lymphocytic mobilization since oxaliplatin did not induce 

CD45+/CD3+ T-cell infiltration into the spinal cord. A3AR agonists blocked the development of 

neuropathic pain with beneficial effects strongly associated with the modulation of spinal 

neuroinflammatory processes: attenuation of astrocytic hyperactivation, inhibition of TNF and 

IL-1β production, and an increase in IL-10 and IL-4. These results suggest that inhibition of an 

astrocyte-associated neuroinflammatory response contributes to the protective actions of A3AR 
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signaling and continues to support the pharmacological basis for selective A3AR agonists as 

adjuncts to chemotherapeutic agents for the management of chronic pain.
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1. Introduction

Oxaliplatin, a third generation platinum compound used for the treatment of metastatic 

colorectal cancer, is hindered by the dose-limiting development of chemotherapy-induced 

peripheral neuropathy (CIPN) accompanied by chronic neuropathic pain (1, 2). The 

primarily sensory symptoms occur in up to 60% of patients and commonly have a delayed 

manifestation that can linger for years (3, 4). Unfortunately, these patients suffer from both 

the physical symptoms and a decreased quality-of-life (1, 5). Critically, according to the 

American Society of Clinical Oncology no agents are currently recommended to either 

prevent or treat CIPN (6) and unfortunately, current pain drugs only offer marginal relief 

due to either a lack of efficacy or the risk of unacceptable side effects (1).

The purine nucleoside adenosine generated in both intra- and extracellular spaces by almost 

all cell types (7) has been shown to play an important role in many processes including pain 

(8, 9). In response to stress or injury, the extracellular concentration of adenosine can 

increase up to 1000-fold (10) and elicit responses in various cell types of the central nervous 

system including neurons, astrocytes, and microglia (9). Adenosine signaling is mediated by 

a family of G protein-coupled adenosine receptors (ARs): A1, A2A, A2B, and A3. The 

receptor subtypes are distinguishable by the Gα subunit they bind: A1 and A3 are coupled to 

Gi proteins while A2A and A2B are coupled to Gs (11). Adenosine provides potent and long-

lasting pain relief in both preclinical animal models and human subject studies (12, 13); 

however, effective targeting of this endogenous pathway for the management of pain 

remains elusive (12). While adenosine’s analgesic effect has primarily been attributed to 

A1AR and to a lesser extent A2AAR activation (12), these assumptions were made without 

consideration of A3AR’s contribution. Consequently, the focus of preclinical and clinical 

research over the past decade has been on the use of A1AR/A2AAR agonists for the 

treatment of chronic pain. These efforts have thus far proven unsuccessful in yielding a 

usable therapeutic option owing to several undesirable consequences, notably, 

cardiovascular side effects due to A1AR/A2AAR activation (12, 14). We recently reported 

that endogenous adenosine signals via A3AR to inhibit chronic neuropathic pain (15) and 

have identified selective orally bioavailable A3AR agonists as potent non-narcotic 

analgesics across several preclinical models of chronic neuropathic pain, including CIPN 

(16). Contrasting A1AR and A2AAR agonist’s restricted therapeutic use, A3AR agonists, 

including IB-MECA, have already advanced to phase II/III clinical trials for non-pain states 

and have thus far displayed good safety profiles (17, 18). While we have identified that 

A3AR agonists reverse mechano-hypersensitivities through the activation of A3ARs in 

regions responsible for nociceptive processing (i.e., the spinal cord and rostral ventromedial 

medulla (15), the signaling pathways engaged at these sites remain unknown.
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Dysfunction in neuro-glial communication plays a key role in neuropathic pain of various 

etiologies (19–21), including neuropathic pain induced by paclitaxel (22–24), oxaliplatin 

(25, 26), and vincristine (27). This dysfunction arises from the development of 

neuroimmune activation (e.g., the activation of glia and increased glial-derived pro-

inflammatory cytokine production) resulting in modified neurotransmission (e.g., excessive 

activation of glutamate receptors) within the spinal cord dorsal horn. Other possible sources 

of pro-inflammatory cytokines and potential drivers of neuropathic hypersensitivity are T-

cells (Th17, Th1). The migration of pro-inflammatory T-cells into the spinal cord has been 

implicated in the development of hypersensitivity in several pain models including chronic 

constriction injury (CCI) (28) and spinal nerve ligation (29). However, it is unknown 

whether T-cell infiltration into the spinal cord also contributes to oxaliplatin-induced 

neuropathic pain.

A3AR is highly expressed in several inflammatory cells, including glial cells (30–32) and T-

cells (33), and its activation has been shown to suppress pro-inflammatory cytokine 

production in models of colitis, septic peritonitis, and rheumatoid arthritis (34–36). In this 

study, we examined whether A3AR agonists block mechano-hypersensitivity in a model of 

oxaliplatin-induced neuropathic pain by inhibiting spinal neuroinflammatory processes.

2. Materials and Methods

2.1 Experimental animals

Male Sprague Dawley rats (200–220 g starting weight) from Harlan Laboratories 

(Indianapolis, IN; Frederick, MD breeding colony) were housed 3–4 per cage in a controlled 

environment (12 h light/dark cycle) with food and water available ad libitum. All 

experiments were performed in accordance with the International Association for the Study 

of Pain and the National Institutes of Health guidelines on laboratory animal welfare and the 

recommendations by Saint Louis University Institutional Animal Care and Use Committee. 

All experiments were conducted with the experimenters blinded to treatment conditions.

2.2 Test Compounds

In prophylactic paradigms, all IB-MECA and MRS5698 were given 15–20 min prior to 

oxaliplatin (D0–4). When used, MRS1523 was administered 15–20 minutes before IB-

MECA or MRS5698. IBMECA (1-deoxy-1-[6-[[(3-iodophenyl)methyl]amino]-9H-purin-9-

yl]-N-methyl-β-D-ribofuranuronamide) was purchased from Tocris Bioscience (Bristol, 

United Kingdom). MRS1523 (3-propyl-6-ethyl-5-[(ethylthio)carbonyl]-2-phenyl-4-

propyl-3-pyridine-carboxylate) was obtained from Sigma-Aldrich (St. Louis, MO). 

MRS5698 (1S,2R,3S,4R,5S)-4-(6-((3-chlorobenzyl)amino)-2-((3,4-difluorophenyl) 

ethynyl)-9H-purin-9-yl)-2,3-dihydroxy-N-methylbicyclo[3.1.0]hexane-1-carboxamide was 

synthesized as previously described (37).

2.3 Oxaliplatin-induced neuropathic pain model

Oxaliplatin (Oncology Supply; Dothan, AL) or its vehicle (5% dextrose) was injected by 

intraperitoneal (i.p.) injection in rats on 5 consecutive days (D0–4) at an injection volume of 
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0.2 ml for a final cumulative dose of 10 mg/kg. This low dose paradigm does not cause 

kidney injury, as previously reported by Bennett’s lab (38).

2.4 Behavioral testing

Behavioral measurements to assess mechano-hypersensitivity were always taken prior to the 

administration of test substances. Mechano-allodynia was measured as previously described 

(22, 24). Briefly, rats were allowed to acclimate to behavioral chambers for 15 min prior to 

measuring the mechanical paw withdrawal thresholds, grams [PWT, (g)] by an electronic 

Von Frey test (dynamic plantar aesthesiometer, model 37450; Ugo Basile, Italy) with a cut 

off set at 50 g. Mechano-allodynia was defined by a significant (P<0.05) reduction in 

mechanical mean absolute PWT (g) at forces that failed to elicit withdrawal responses 

before chemotherapy treatment (D0). Mechano-hyperalgesia was measured by stimulating 

the dorsum of the rat’s hind paw as previously described (22, 24) by the Randall and Sellitto 

paw pressure test (40) using a Ugo-Basile analgesiometer (Italy, model 37215). The 

nociceptive paw withdrawal threshold [PWT, (g)] was defined as the force (g) which caused 

the rat to withdraw its paw (cut off set at 250 g). Since, chemotherapy-induced neuropathy 

results in bilateral allodynia and hyperalgesia with no differences between left and right hind 

PWT (g), the values from both paws were averaged. Animals receiving chemotherapeutic 

agents in the presence or absence of the experimental test substances tested did not display 

signs of any toxicities, as previously described (38, 41).

2.5 Multiplex Cytokine Assay

The levels of cytokines in spinal cord (L4–6) lysates were either assessed using a 

commercially available, custom-ordered magnetic multiplex cytokine kit (Bio-Rad 

Laboratories; Hercules, CA) as previously described (22).

2.6 Immunofluorescence

Immunofluorescence was performed using modifications of previously reported methods 

(42). After behavioral measurements, rats were sacrificed according to SLU IACUC 

regulations. The lower lumbar enlargement of the spinal cord (L4–L6) was harvested, 

transferred to OCT, and frozen in an isopropanol/dry ice bath. Transverse sections (20 μm) 

were cut using a cryostat, collected on gelatin coated glass microscope slides, and stored at 

−20 °C. Spinal cord sections were fixed in 10% buffered neutral formalin (10 min), blocked 

(10% normal goat serum, 2% bovine serum albumin, 0.2% Triton-X100 in phosphate 

buffered saline, PBS, for 1 h) then immunolabeled as previously described (42) using an 18 

h incubation (4°C) with mouse monoclonal anti-glial fibrillary acidic protein (GFAP) 

antibody (1:200; Sigma-Aldrich) or OX42 antibody (CD11b antigen, 1:50; Millipore). 

Following a series of PBS rinses, sections were incubated for 2 h with a goat anti-mouse 

Alexa Fluor 488 antibody (1:250; Invitrogen). The coverslips were mounted with Fluorogel 

II containing DAPI (Electron Microscopy Sciences; Hatfield, PA) and photographed with an 

Olympus FV1000 MPE confocal microscope (multiline argon lasers with excitation at 405 

nm and 488 nm) using a 10X objective (UPLSAPO; 0.4 NA) for regional fluorescence 

intensity image analysis and with a 60X oil-immersion objective (PLAPONl 1.42 NA) and 

2.4X optical zoom (0.1 μm pixel dimensions in the X-Y plane and the pinhole set at 1 Airy 

unit) for higher magnification images. Images were acquired within the dynamic range of 
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the microscope (i.e., no pixel intensity values of 0 or 255 in an 8-bit image). Sections treated 

with isotype controls at equivalent concentrations to primary antibodies yielded only non-

specific background fluorescence. The mean fluorescence intensity (MFI) in the dorsal horn 

was determined as previously reported (42). Image analysis was performed using the NIH 

freeware program ImageJ (version 1.43) (43). The superficial dorsal horns (laminae I and II) 

at the L4, L5, and L6 levels were outlined on images bilaterally using the Image J region of 

interest tool. The superficial dorsal horn was determined and confirmed using cresyl violet 

stained sections of adjacent sections and an atlas (44). There were no significant differences 

bilaterally, so MFI was calculated as a combined value and reported as fold change 

compared to the vehicle group.

2.7 Quantitative RT-PCR

Terminally anesthetized rats were perfused with cold PBS (pH 7.4). The L4/L5 spinal cord 

dorsal horn and dorsal root ganglion were harvested and placed in RNAlater (Sigma-

Aldrich). RNA was extracted from tissue by Qiagen RNeasy Plus Universal Kit (Valencia, 

CA) and reverse transcribed following manufacturer’s instructions. The relative transcript 

expression of CD4 and HPRT1 were measured using SYBR green-based quantitative real-

time PCR and commercial CD4 and HPRT1 primers (Qiagen) (29). The fold change in 

oxaliplatin-treated over vehicle-treated rats was calculated using the comparative Ct method 

with HPRT1 used as the endogenous control (45).

2.8 Flow cytometry

The CD45+/CD3+ T-cell population was measured in the contralateral and ipsilateral spinal 

cord from rats subjected to sham/CCI-surgery or in the bilateral dorsal horns of rats treated 

with vehicle or oxaliplatin. Rats were transcardially perfused with 200 ml of cold PBS (pH 

7.4) and the lumbar enlargement (L4–L6) harvested. The meninges were removed from the 

spinal cord to eliminate leukocytes that may have adhered to the small blood vessels of the 

meninges after perfusion. Although these cells may play a role if present, they were not the 

focus of this study. Spinal cords were bisected into contralateral and ipsilateral (CCI) or 

dorsal and ventral halves (CIPN). Each spinal cord sample was mechanically and 

enzymatically dissociated, then purified as previously described (46). Briefly, samples were 

minced in cold Dulbecco’s minimal essential media (DMEM, Sigma-Aldrich) and 

enzymatically digested in trypsin (0.5 mg/ml, Sigma-Aldrich) and collagenase (1 mg/ml, 

Sigma-Aldrich) for 20 minutes at 37°C. The tissues were triturated with an 18 gauge needle 

and 10 ml of DMEM + 10% fetal bovine serum was added to stop the enzymatic digestion. 

The homogenate was passed through a 40 μm nylon mesh (BD Biosciences), centrifuged 

(1000 x g, 5 min), and the pellet resuspended in Hank’s balanced salt solution (HBSS) 

(Sigma-Aldrich). Myelin was removed by Optiprep gradient in HBSS prepared as 

previously described (46) and centrifuged for 20 min at 726 x g at RT without brake. The 

top fraction (8 ml) containing myelin was removed. The remaining solution was collected 

and washed twice in HBSS. The entire purified single-cell pellet was then resuspended in 

HBSS and transferred to a 12 × 75 mm Falcon (BD Biosciences) polystyrene tube. The 

tubes were centrifuged and the pellets blocked in PBS (pH 7.4) with 5% normal mouse 

serum (Sigma-Aldrich) and anti-CD32 (1:500, BD Bioscience) for 30 min at RT. After 

removing the blocking buffer the pellet was suspended in 100 μL of antibody cocktail 
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[mouse anti-rat CD45-APC (0.25μg/tube; eBioscience), mouse anti-rat CD3-PE (0.1 μg/

tube; eBioscience) in blocking buffer] or IgG cocktail [mouse IgG1κ-APC (0.25 μg/tube; 

eBioscience), mouse IgG3-PE (0.1 μg/tube) in blocking buffer]. The tubes were incubated 

for 30 min at RT, washed twice in PBS, and fixed in 4% formalin in PBS (pH 7.4). As a 

control, the remaining upper lumbar and cervical sections of two rats were collected and 

similarly processed. One control tissue was spiked before digestion with 100 μl of pooled 

whole blood obtained from tail vein withdrawals from each rat to assess recovery and 

detection of CD45+/CD3+ cells. The gates for flow cytometry were set using whole blood 

(100 μL) stained for CD45, CD3, or both. These blood samples (100 μl) were blocked for 30 

min at RT then stained with anti-CD45-APC, anti-CD3-PE, or antibody cocktail for 30 min 

after which they were fixed in 4% formalin in PBS. Red blood cells from spiked spinal cord 

and whole blood samples were lysed using previously described method with slight 

modification (47): after staining and formalin-fixing, cells were treated with 0.2% Triton 

X-100 in PBS for 30 min at 4°C instead of 10 min at 37°C to lyse red blood cells.

The samples were read using two-color flow cytometric analysis by a BD LSR II flow 

cytometer (BD Biosciences). The lasers and filter used were 635 nm and 488 nm excitation 

and 660/20 nm and 575/26 nm emission filter for APC and PE, respectively. To ensure the 

detection of low T-cell numbers with our flow analysis, the entire spinal cord sample was 

read (≤106 events) and the gates were set using whole blood (5 × 104–1 × 105 events) and 

spiked spinal cord samples (≤106 events). The first gate [side scatter (SSC) vs. forward 

scatter-all (FSC-A)] was set to reduce the number of debris and myelin (Supplemental Fig. 

1A). Singlets were isolated by using the second gate [forward-scatter-height (FSC-H) vs. 

FSC-A] (Supplemental Fig. 1B). The CD45+ population was separated by a third gate [FSC-

A vs. CD45-APC of the singlet population] (Supplemental Fig. 1C). Finally, the CD3+ 

population in the CD45+ population was gated [FSC-A vs. CD3-PE of the CD45+ 

population] (Supplemental Fig. 1D). The ability to recover and detect CD45+/CD3+ cells 

following these methods and gates was confirmed in spinal cords (C3-L3) with or without a 

spike of 100 μl whole blood (Supplemental Fig. 1E–H). The frequency of CD45+/CD3+ 

cells is expressed as a percentage of the singlet cell population.

2.9 Statistical Analysis

Data are expressed as mean ± SD for n animals. The data from behavioral studies were 

analyzed by two-way repeated measures ANOVA with Bonferroni-corrected comparisons or 

one-way ANOVA with Dunnett’s-corrected comparisons as noted. All biochemical data 

collected on D25 were analyzed by one-way ANOVA with Dunnett’s-corrected 

comparisons or by Student’s t-test. Significant differences were defined as P<0.05. All 

statistical analyses were performed using GraphPad Prism (v5.03, GraphPad Software, Inc.).

3. Results

3.1 A3AR agonists prevent oxaliplatin-induced neuropathic pain

Consistent with previous studies (38), including our own (16, 41), a five day (D) treatment 

with oxaliplatin (D0–4) produced a time-dependent development of mechano-allodynia and 

mechano-hyperalgesia (mechano-hypersensitivity) as evidenced by a significant decrease in 
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paw withdrawal thresholds (PWTs (g)) beginning on D11 (onset) and reaching a peak by 

D17 that continued through the end of our observation period (D25; times relative to first 

injection) (Fig. 1A, B; n=5). As with patients, this rat model displays a delay to the onset of 

mechano-hypersensitivity mimicking the clinical “coasting” phenomenon observed with 

patients (1, 2). We recently reported that daily (D0–16) i.p. delivery of IB-MECA dose-

dependently attenuated mechano-allodynia and mechano-hyperalgesia with ED50s on D17 

of 0.026 mg/kg and 0.031 mg/kg respectively (16). Using a dose of IB-MECA previously 

shown to cause near to maximal inhibition of mechano-hypersensitivity (0.1 mg/kg/d, (16)), 

we now examined whether restricting the dosing regimen of the A3AR agonist IB-MECA to 

coincide with only the oxaliplatin treatment would afford the same protection as dosing 

patients only when they receive the chemotherapeutic agent would be a preferred regimen. 

IB-MECA (0.1 mg/kg/d, n=5) when given 20 minutes prior to oxaliplatin (D0–4), blocked 

the development of neuropathic pain through D25 (Fig. 1A, B).

While IB-MECA exhibits exquisite selectivity (>50-fold) for the rat and human A3AR 

subtype over the other AR subtypes (48, 49), we employed an A3AR agonist with an even 

higher selectivity, MRS5698, (16) in order to strengthen our findings. MRS5698 has a very 

high affinity for A3AR (≤3 nM) and excellent selectivity (≥104-fold over human and mouse 

A1AR or A2AAR) (37). Similar to our above findings with IB-MECA, co-administration of 

MRS5698 (0.1 mg/kg/d, n=6) with oxaliplatin blocked the development of mechano-

hypersensitivity (Fig. 2A, B). MRS5698 (n=5) had no effect on the PWTs of vehicle-treated 

animals (Fig. 2A, B).

The beneficial actions of IB-MECA and MRS5698 were prevented by the selective A3AR 

antagonist, MRS1523 (50), confirming an A3AR-mediated mechanism of action. MRS1523 

(2 mg/kg/d, n=5) was given by i.p. injection 15–20 minutes prior to IB-MECA or MRS5698 

on D0–4 of oxaliplatin-treatment. MRS1523 had no effect when given on its own to 

oxaliplatin-treated animals (Fig. 3; n=5). As published in our previous paper with another 

model of CIPN (paclitaxel), MRS1523 given to vehicle-treated animals had no effect on 

PWTs (16). Thus, in an effort to eliminate unnecessary animal usage, we did not include a 

vehicle + MRS1523 group in this study.

3.2 A3AR agonists prevent astrocytic hyperactivation and increase pro-inflammatory 
cytokine production in the spinal cord

Neuroinflammation (enhanced glial activation and pro-inflammatory cytokine production) in 

the spinal cord is a key contributor to the development of central sensitization associated 

with pain of several etiologies, including oxaliplatin-induced pain (22, 23, 51). Activation of 

astrocytes and microglia was assessed by immunofluorescence utilizing antibodies directed 

against GFAP and OX42 respectively. When compared to their vehicle-treated counterparts 

oxaliplatin-treated rats at the same time-point demonstrated enhanced bilateral 

immunolabeling of GFAP (Fig. 4E–K), but not OX42 (Fig. 4A–D) within the superficial 

dorsal horn (i.e., laminae I & II) in agreement with previously published findings (52). This 

increased GFAP labeling was absent in spinal cords from animals receiving MRS5698 in 

combination with oxaliplatin (Fig. 4G, K).
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Additionally, oxaliplatin-treatment coincided with an alteration in the levels of pro-/anti-

inflammatory cytokines within the spinal cord. The levels of TNF (formerly known as TNF-

α) and IL-1β (Fig. 5A, B; n=6) were significantly increased, whereas the anti-inflammatory 

IL-10 and IL-4 (Fig. 5C, D; n=6) were slightly decreased as compared to levels in their 

vehicle-treated counterparts. Prophylactic treatment with either IB-MECA or MRS5698 

reduced the production of the pro-inflammatory TNF and IL-1β to vehicle levels and 

significantly increased the production of the anti-inflammatory IL-10 and IL-4 (Fig. 5; n=6). 

Conversely, these beneficial effects of IB-MECA and MRS5698 were blocked by 

pretreatment with the A3AR antagonist MRS1523 (Fig. 5; n=5). As there was no change in 

the PWTs of oxaliplatin animals treated with MRS1523 and in an effort to reduce animal 

usage, we did not investigate the cytokine expression in this group.

3.3 T-cell infiltration into the spinal cord does not occur in response to oxaliplatin-
treatment

The level of T-cell infiltration into the lumbar spinal cord (L4–L6) after oxaliplatin 

treatment was measured by qRT-PCR for CD4 expression levels and flow cytometric 

analysis of CD45+/CD3+ T-cell populations. At the plateau of mechano-hypersensitivity 

(D25), there were no significant changes in the expression of CD4+ transcript (Table 1) or 

CD45+/CD3+ cells (Fig. 6; n=5) in the dorsal lumbar spinal cord of oxaliplatin-treated 

animals when compared to vehicle; this was also observed at earlier time points (D0, D5, 

D11, and D17; data not shown). In order to rule out the lack of effect from methodological 

issue, we assessed T-cell infiltration in spinal cord following nerve-injury evoked mechano-

hypersensitivity caused by CCI of the sciatic nerve in rats (42, 53). Previous studies showed 

that at seven days post-surgery (the peak development of mechano-allodynia) there is a 

significant increase of CD4+ and CD3+ cells in the ipsilateral (injured) side of the lumbar 

spinal cord as compared to the contralateral side (29, 54). Indeed, in the chronic constriction 

injury model we found a significant 4.5-fold increase in CD45+/CD3+ T-cell infiltration into 

the ipsilateral lumbar spinal cord when compared to the contralateral side at D7 post-surgery 

(data not shown).

4. Discussion

Oxaliplatin-induced neuropathic pain represents a major obstacle to successful cancer 

treatment as it restricts both individual and cumulative dosages. However, even with these 

limitations, patients are still forced to risk the development of long-lasting consequences 

(i.e., peripheral neuropathy) in order to optimize cancer therapies (1, 5). Further research is 

therefore necessary to fill the void currently present in adequate therapeutic options for the 

treatment of CIPN. With this in mind, two selective A3AR agonists were chosen to 

investigate potential spinal signaling pathways through which they may exert their beneficial 

effects in a model of oxaliplatin-induced neuropathic pain: IB-MECA and MRS5698. 

Herein, we confirm our previous findings that activation of A3AR by IB-MECA prevents 

the development of mechano-hypersensitivity in a rat model of oxaliplatin-induced 

neuropathic pain (16) and extend our findings with the highly selective MRS5698. 

Noteworthy, the beneficial effects seen with IB-MECA were reproducible with MRS5698 

indicating that these results are not particular to an agent or to nonspecific AR activation but 
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are rather due to agonism of the A3 receptor subtype. Supporting this, pretreatment with the 

A3AR antagonist MRS1523 mitigates the beneficial effects of IB-MECA and MRS5698. As 

patient compliance is always a concern in the clinical setting, our data using a different 

paradigm establishes that concomitant dosing of an A3AR agonist delivers the same result as 

the longer term dosing we previously employed (16).

In an effort to understand the underlying pathological processes responsible for this 

prevention, we turned our attention to the spinal cord, a key center for nociceptive 

processing. A well-established hallmark of CIPN independent of the chemotherapeutic 

mechanism of action is the development of pathophysiological changes in the spinal cord as 

evidenced by neuroinflammatory processes including enhanced glial response and the 

release of pro-inflammatory cytokines (23, 26). Previous work examining the dorsal horn of 

oxaliplatin-treated animals supports the presence of glial hyperactivation evidenced by 

heightened staining for astrocytes (GFAP) through the end of testing (21 days), while 

increased microglia expression (Iba1) was only observed at early time-points (7 days) before 

resolving (52). Our findings at 25 days following the start of oxaliplatin treatment further 

support a key role for astrocytes in the maintenance of CIPN-induced neuropathic pain. 

During an enhanced response state, glial cells can release pro-inflammatory cytokines and 

nitroxidative species including superoxide and nitric oxide (19, 55). Indeed, in another 

model of chemotherapy (i.e., paclitaxel)-induced neuropathic pain, increased formation of 

pro-inflammatory cytokines was observed in the spinal cord (22). These pro-inflammatory 

events have long been associated with the development of pain of several etiologies 

including that due to peripheral inflammation, peripheral nerve trauma, or spinal cord injury 

(19, 22, 56). In addition to their supportive role in neuronal health, glial cells strongly 

influence neuronal signaling owing to their regulation of the uptake or release of neuroactive 

substances including, importantly, pro-inflammatory cytokines (21, 56). Once released, pro-

inflammatory cytokines such as TNF and IL-1β can act not only on neurons resulting in 

enhanced excitability, but can also feedback on glial cells leading to an amplification loop 

that could potentially be responsible for the long-lasting hypersensitivity (56, 57). As it has 

already been established that oxaliplatin-treatment is linked with the development of 

astrocytic hyperactivation, we aimed to investigate whether intervention with an A3AR 

agonist would mediate its beneficial actions via attenuation of neuroinflammation. Indeed, 

treatment with an A3AR agonist prevented the oxaliplatin-associated 1) increased levels of 

astrocyte-associated GFAP and 2) production of pro-inflammatory cytokines TNF and 

IL-1β. Additionally, production of the anti-inflammatory cytokines IL-10 and IL-4 were 

enhanced after A3AR administration. Giving further support to a solely A3AR-mediated 

action, the selective A3AR antagonist MRS1523 prevented the beneficial actions of IB-

MECA and MRS5698 on cytokine production. While the exact mechanisms behind A3AR’s 

anti-inflammatory effects are unknown, it is possible that the A3AR agonists prevent 

astrocytic hyperactivation through the inhibition of glycogen synthase kinase 3β (GSK3β). 

Increased activation of GSK3β in the spinal cord is associated with paclitaxel-induced pain 

and its inhibition attenuated elevated levels of GFAP and IL-1β in the spinal cord (58). 

Furthermore, Fishman and associates demonstrated that suppression of colon carcinoma 

growth in vitro by IB-MECA was attributed to GSK3β inhibition (59). Additionally, A3AR’s 

protection against mitochondrial dysfunction during ischemia/reperfusion injury is attributed 
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at least in part to the inactivation of GSK3β via the phosphatidylinositol 3-kinase/protein 

kinase B (Akt) signaling pathway (60) giving a positive indication that A3AR may also 

protect against the mitochondrial dysfunction associated with oxaliplatin-induced pain. 

A3AR agonists have also been shown to reduce pro-inflammatory cytokines by inhibiting 

the p38 mitogen activated protein kinases and nuclear factor κB signaling pathways (61–

63); this may also hold true for oxaliplatin-induced neuropathic pain. (64, 65). Although 

unknown, our laboratories are currently investigating the cellular source(s) of the increased 

anti-inflammatory cytokine production underlying CIPN.

In other models of neuropathic pain including CCI and spinal nerve ligation, infiltration of 

circulating T-cells from the periphery into the spinal cord contributes to neuroinflammation 

and the development of hypersensitivity (29, 54, 66). In fact, intraperitoneal passive transfer 

of polarized pro-inflammatory Th1 cells enhances CCI-induced neuropathy in nude mice, 

whereas, similar transfer of polarized anti-inflammatory Th2 cells in immunocompetent rats 

attenuates CCI-induced neuropathic pain (67). However, infiltration into the spinal cord 

during the development of oxaliplatin-induced neuropathic pain did not occur leading us to 

conclude that T-cell infiltration into the spinal cord does not play a part in the development 

of oxaliplatin-induced neuropathic pain. Although we find no additional T-cell infiltration, 

we did not further characterize the CD4+ subtypes (i.e., Th1 vs. Th2) and therefore cannot 

exclude the possibility of CD4+ T-cells “switching” from a pro-inflammatory (Th1) state to 

an anti-inflammatory (Th2) state (68) in response to IB-MECA or MRS5698. In an anti-

inflammatory state, these cells could produce and release the potent anti-inflammatory 

cytokine, IL-10. Spinal formation of IL-10 may play a major role in A3AR’s beneficial 

actions as its activation is associated with increased formation of the anti-inflammatory 

cytokine (Figs. 3 and 5) and strategies aimed at increasing its production within the spinal 

cord have proven successful in a model of paclitaxel-induced neuropathic pain by 

decreasing the production of pro-inflammatory cytokines (i.e., TNF and IL-1) (69). The 

anticancer actions of A3AR agonists on their own may be beneficial to these patients. Given 

that A3AR density has been shown to be significantly increased in colon and breast 

carcinoma (2.3-fold higher) (70) and that A3AR agonists have already been demonstrated to 

have direct anticancer actions both in vitro and in vivo (17, 71–73), a unique opportunity 

may exist. Our group has shown that in vitro anticancer actions of several classes of 

chemotherapeutics (i.e., platinum-based agents, taxanes, and proteasome inhibitors) remain 

unaffected in combination with IB-MECA treatment. (16). In light of this, A3AR agonists 

could potentially provide added benefit by enhancing anti-cancer strategies when given in 

conjunction with chemotherapeutics.

Collectively, our study suggests that T-cell independent inhibition of an astrocytic 

hyperactivation and pro-inflammatory cytokine production within the spinal cord contributes 

to the protective actions of A3AR signaling and continues to support the pharmacological 

basis for selective A3AR agonists as adjuncts to chemotherapeutic agents for the 

management of chronic pain.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Concomitant IB-MECA blocks the development of oxaliplatin-induced mechano-
hypersensitivity
When compared to day (D) 0, administration of oxaliplatin (●) but not vehicle (○) led to a 

time-dependent development of mechano-allodynia (A) and mechano-hyperalgesia (B). The 

development of mechano-hypersensitivity was blocked by daily i.p. injections (D0–4) of the 

selective A3AR agonist IB-MECA (0.1 mg/kg/d, ▼). The Y-axis corresponding to paw 

withdrawal threshold (PWT) has been cropped for clarity. Results are expressed as mean ± 

SD; n=5 rats; two-way ANOVA with Bonferroni comparisons. *P<0.05 Vehicle or 

Oxaliplatin vs. D0; †P<0.05 Ox+IB-MECA vs. Oxaliplatin.
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Fig. 2. MRS5698 attenuates the development of oxaliplatin-induced mechano-hypersensitivity
When compared to day (D) 0, administration of oxaliplatin (●) but not vehicle (○) led to a 

time-dependent development of mechano-allodynia (A) and mechano-hyperalgesia (B), 

which was blocked by daily i.p. injections (D0–4) with the highly selective A3AR agonist 

MRS5698 (0.1 mg/kg/d, ◆). MRS5698 had no effect on vehicle-treated animals (□). The Y-

axis corresponding to paw withdrawal threshold (PWT) has been cropped for clarity. Results 

are expressed as mean ± SD; n=5–6 rats; two-way ANOVA with Bonferroni comparisons. 

*P<0.05 Vehicle or Oxaliplatin vs. D0; †P<0.05 Ox+MRS5698 vs. Oxaliplatin.
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Fig. 3. MRS1523 blocks the beneficial actions of IB-MECA and MRS5698 on the development of 
mechano-hypersensitivity
On day (D) 25, oxaliplatin-treatment (black bars) led to the development of mechano-

allodynia (A) and mechano-hyperalgesia (B) as compared to vehicle (open bars). This was 

blocked by daily i.p. injections (D0–4) of A3AR agonists IB-MECA (0.1 mg/kg/d; light gray 

bars) or MRS5698 (0.1 mg/kg/d; dark gray bars). When MRS1523, an A3AR antagonist, 

was administered prior to IB-MECA or MRS5698 (gray hatched bars), it prevented these 

beneficial effects (A, B). MRS1523 had no effect on the PWTs of oxaliplatin-treated 

animals when given alone (2 mg/kg/d; black hatched bars). Baselines on D0 did not 

significantly differ among groups. The y-axis corresponding to paw withdrawal threshold 

(PWT) has been cropped for clarity. Results are expressed as mean ± SD; n=5–6 rats; one-

way ANOVA with Dunnett’s comparisons. *P<0.05 Oxaliplatin vs. Vehicle; †P<0.05 Ox

+IB-MECA or Ox+MRS5698 vs. Oxaliplatin.
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Fig. 4. MRS5698 prevents spinal astrocytic hyperactivation after oxaliplatin treatment
When compared to vehicle (A), oxaliplatin treated rats (B) at day 25 demonstrated no 

change in immunolabeling for OX42 (green) bilaterally within the superficial dorsal horn 

(i.e., laminae I and II) with (C) or without (B) MRS5698 treatment. When compared to 

vehicle (E), oxaliplatin treated rats at D25 (F) demonstrated enhanced immunolabeling for 

GFAP (green) bilaterally within the superficial dorsal horn. The A3AR agonist MRS5698 

blocked enhanced GFAP immunostaining (G). Negative controls exhibited low levels of 

background fluorescence. Micrographs are from the L4 level and represent n=4 animals per 

group (3 sections per animal from L4, L5, and L6). The mean fluorescence intensity (MFI) 

was normalized to vehicle and expressed as fold change for OX42 (D) and GFAP (H). I–K: 

Higher magnification representative images. Results are expressed as mean ± SD and 

analyzed by one-way ANOVA with Dunnett’s comparisons. *P<0.05 Oxaliplatin vs. 

Vehicle; †P<0.05 Ox+MRS5698 vs. Oxaliplatin.
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Fig. 5. IB-MECA and MRS5698 restore the balance of pro-/anti-inflammatory cytokines in the 
spinal cord of oxaliplatin-treated animals
On day (D) 25 of treatment, spinal cords were harvested from animals receiving vehicle 

(open bars), oxaliplatin (black bars), or oxaliplatin + IB-MECA (light gray bars) or + 

MRS5698 (dark gray bars). The spinal cord samples were assayed for levels of pro-

inflammatory (TNF, A; IL-1β, B) and anti-inflammatory (IL-10, C; IL-4, D) cytokines. 

Selective A3AR agonists IB-MECA and MRS5698 attenuated the increase in pro-

inflammatory and decrease in anti-inflammatory cytokines observed with oxaliplatin-

treatment (A–D). Pretreatment with the A3AR antagonist MRS1523 prevented the actions of 

both IB-MECA and MRS5698 (gray hatched bars). Results are expressed as mean ± SD for 

n=5–6 and analyzed by one-way ANOVA with Dunnett’s comparisons. *P<0.05 Oxaliplatin 

vs. Vehicle; †P<0.05 Ox+IB-MECA or Ox+MRS5698 vs. Oxaliplatin.
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Fig. 6. 
CD45/CD3 expression in the spinal cord does not change during CIPN. Flow cytometric 

analysis of total T-cell (CD45+/CD3+) populations show that, when compared to vehicle 

(A–D, I), oxaliplatin treatment (E–H, I) had no significant effect on the CD45+/CD3+ T-cell 

population in the dorsal lumbar spinal cord. Representative examples are shown of the 

scatterplots and gates used to measure the CD45+/CD3+ population (A–H). Results are 

expressed as mean ± SD for n=5 rats and analyzed by Student’s t-test.
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Table 1
CD4 expression levels in the spinal cord do not change during CIPN

No significant changes were detected in the expression levels of CD4 within the dorsal spinal cord of 

oxaliplatin-treated rats at a time-point of peak mechano-hypersensitivity (D25). Results are analyzed by 

Student’s t-test (Ct) and expressed as fold change as compared to vehicle for n=5 rats/group.

Group Gene Ct (Mean ± SD) n-value Fold-change

Vehicle CD4 24.4 ± 2.09 5

HPRT1 19.3 ± 0.200

Oxaliplatin CD4 23.9 ± 1.24 5 0.693

HPRT1 19.1 ± 0.190
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