
Adenosine 2A receptor agonism: a single intrathecal 
administration attenuates motor paralysis in experimental 
autoimmune encephalopathy in rats

Lisa C Loram1,*, Keith A Strand1, Frederick R Taylor1, Evan Sloane1, Anne-Marie Van 
Dam3, Jayson Rieger4, Steven F Maier1, and Linda R Watkins1

1Dept. Psychology & Neuroscience, Center for Neuroscience, Univ. Colorado-Boulder, Boulder, 
CO 3Department of Anatomy and Neurosciences, VU University Medical Center, Amsterdam, The 
Netherlands 4Dogwood Pharmaceuticals, Inc., Forest Labs, Inc, Charlottesville, VA

Abstract

A single intrathecal dose of adenosine 2A receptor (A2AR) agonist was previously reported to 

produce a multi-week reversal of allodynia in two different models of neuropathic pain in addition 

to downregulating glial activation markers in the spinal cord. We aimed to determine whether a 

single intrathecal administration of an A2AR agonist was able to attenuate motor symptoms 

induced by experimental autoimmune encephalopathy. Two A2AR agonists (CGS21680 and 

ATL313) significantly attenuated progression of motor symptoms following a single intrathecal 

administration at the onset of motor symptoms. OX-42, a marker of microglial activation, was 

significantly attenuated in the lumbar spinal cord following A2AR administration compared to 

vehicle. Therefore, A2AR agonists attenuate motor symptoms of EAE by acting on A2AR in the 

spinal cord.
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Introduction

It has been established that A2AR are located on peripheral immune cells (Hasko and 

Cronstein, 2004; Hasko et al., 2007) and a variety of cells within the central nervous system 

(CNS) including glial cells, endothelial cells and neurons (Dare et al., 2007). Adenosine 2A 

receptor (A2AR) agonists have attracted attention as potential modulators of glial function, 

based on their anti-inflammatory effects, such as reducing tumor-necrosis factor (TNF)-α 
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production by peripheral immune cells (Dare et al., 2007; Hasko and Cronstein, 2004; 

Hasko et al., 2007) and by microglial cells (Loram et al., 2013).

It is of importance to note that A2AR agonists have anti-inflammatory effects in vivo when 

injected directly into the spinal cord in neuropathic pain models, suggesting direct activation 

of A2AR receptors within the CNS. In support of this, it has been demonstrated that spinal 

administration of A2AR agonists attenuates glial activation marker expression (for example 

OX-42) and pro-inflammatory cytokine production in the CNS of neuropathic pain models. 

Moreover, even a single intrathecal administration of an A2AR agonist reversed neuropathic 

pain for more than 4 weeks in two animal models, i.e. mechanical allodynia and thermal 

hyperalgesia (Loram et al., 2009; Loram et al., 2013). Interestingly, mice lacking A2AR 

showed increased chemokine production with subsequent greater immune cell infiltration 

into the spinal cord during experimental autoimmune encephalomyelitis (EAE), an 

inflammatory, demyelinating disease. As a consequence, more motor impairment was 

observed in these knock-out mice compared to wild type controls (Mills et al., 2012; Yao et 

al., 2012). In addition, decreases in adenosine A1R expression on microglial cells have been 

identified in multiple sclerosis patients (Johnston et al., 2001). Considering the importance 

of A2AR activation as a possible local anti-inflammatory target in the CNS during 

experimental autoimmune encephalitis (EAE), a model of multiple sclerosis, we questioned 

whether A2AR agonists improve EAE induced motor impairment via direct effects in the 

spinal cord?

Materials and Methods

Animals

Pathogen-free male Dark Agouti rats (225–250 g, Harlan Laboratories) were housed in a 

temperature-controlled environment (23 ± 2°C) with a 12 h light/dark cycle (lights on at 

7:00 A.M.). All procedures occurred in the light phase. All rats were allowed one week of 

acclimation to the colony rooms before experimentation. The Institutional Animal Care and 

Use Committee of the University of Colorado at Boulder approved all procedures.

Drugs

The A2AR agonist 4-(3-(6-amino-9-(5-cyclopropylcarbamoyl-3,4-

dihydroxytetrahydrofuran-2-yl)-9H-purin-2-yl)prop-2-ynyl)piperidine-1- carboxylic acid 

methyl ester (ATL313) was a gift from Dogwood Pharmaceuticals. The A2AR agonist 2-p-

(2-carboxyethyl)phenethylamino-5’-N- ethylcarboxamido adenosine HCl (CGS21680) was 

purchased from Tocris Bioscience (Bristol, United Kingdom). All of the compounds were 

dissolved in 100% DMSO to create 10 mM stock concentrations and stored at −20°C. Fresh 

aliquots were diluted to the appropriate concentration in sterile endotoxin-free isotonic 

saline (Abbott Laboratories, Abbott Park, IL, USA).

Experimental Autoimmune Encephalitis induction—Relapsing-remitting 

experimental autoimmune encephalomyelitis (rr-EAE) was induced as previously described 

(Sloane et al., 2009). Recombinant peptide corresponding to the N-terminal sequence of rat 

myelin oligodendrocyte glycoprotein (MOG; amino acids 1–125) was expressed in 
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Escherichia coli and purified to homogeneity by Ni-Chelate chromatography using a 6-His 

tag. The purified protein was dissolved in 6 M urea and dialyzed against 10 mM of sodium 

acetate buffer (NaAc; pH 3.0) then stored at −80 °C. rr-EAE was induced via injection of 

8.75 µg MOG in 0.01 M NaAc (pH 3.0) emulsified in incomplete Freund’s adjuvant (IFA; 

Sigma, St. Louis, MO; in a 1:1 ratio of MOG (8.75 µg in 50 µl): IFA (50 µl)). Rats were 

briefly anaesthetized with isoflurane and given a single intra-dermal injection (100 µl total 

volume) into the dorsal skin just rostral to the base of the tail.

Intrathecal drug administration—At the time of onset of motor symptoms CGS21680 

(10 pmol), ATL313 (1, 10 and 100 pmol) or vehicle was administered intrathecally (IT) 

under brief isoflurane anesthesia. The lumbar region was shaved and cleaned. An 18 Gauge 

guide needle, with the hub removed, was inserted into the L5/6 intervertebral space. A 

PE-10 catheter was inserted into the guide needle, premarked such that the distal end of the 

PE-10 tubing rested over the L4–L6 lumbar spinal cord. All drugs were administered over 

20 s (1 µl of drug followed by 2 µl of sterile saline flush) with a 30 s delay before removing 

the catheter and guide needle. Each rat was anesthetized for a maximum of 5 min, and none 

incurred observable neurological damage from the procedure.

Motor score and body weight—Rats were monitored daily for body mass changes and 

motor symptoms. During periods of motor symptom impairment with a score greater than 3, 

the rats’ bladders were manually expressed to help control bladder infections. Motor deficits 

were scored on a scale from 0 to 7 based on the degree of ascending paralysis. The scores 

correspond to the following deficits: 0, no symptom expression; 1, partial tail paralysis; 2, 

full tail paralysis; 3, hindlimb weakness (unsteady gait while walking); 4, partial hindlimb 

paralysis (no weight bearing but observable movement of the limb); 5, full hindlimb 

paralysis; 6, partial forelimb paralysis; 7, euthanasia due to disease progression. Motor 

scores were recorded during the first few hours of the light cycle.

Immunohistochemistry—In the group of rats induced with rr-EAE that received either 

10 pmol CGS21680 or vehicle, the animals were injected intraperitoneally with a terminal 

dose of sodium pentobarbital when their motor score reached 4.5 or higher or at the end of 

the experiment (24–26 d after onset of motor symptoms). Animals were transcardially 

perfused with ice-cold heparinized saline followed by 4% paraformaldehyde/0.1M 

phosphate buffered saline. 6 mm pieces of the L4 –L6 lumbar spinal cord were dissected and 

post-fixed overnight in 4% paraformaldehyde. The lumbar spinal cord was cryoprotected in 

30% sucrose solution until processed for immunohistochemistry.

20 µm sections were mounted onto gelatin-subbed slides, and processed with 

immunohistochemistry with primary antibodies: monoclonal mouse anti-rat CD68 (1:200, 

AbD Serotec) or monoclonal mouse anti-rat OX-42 (1:100; BD Biosciences Pharmingen) 

and incubated with biotinylated secondary antibodies, (1:200; Jackson ImmunoResearch) as 

described previously (Loram et al., 2009; Sloane et al., 2009) The sections were incubated in 

avidin-biotin complex (ABC, 1:400; Vector Laboratories), washed, and reacted with 3,3’-

diaminobenzadine tetrahydrochloride (DAB) (Sigma-Aldrich). Glucose oxidase and D-

glucose were used followed by nickeleous ammonium sulfate to optimize the reaction 

product. Sections were dried, dehydrated and coverslipped. From each animal’s spinal cord, 
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the left and the right dorsal horn of five to seven sections within the L4 –L6 region were 

captured at 10× magnification and included in the analysis using NIH ImageJ software. The 

signal pixels within the dorsal horn were identified above 3.5 SD beyond a control region 

(lateral column of the cord). The integrated densitometry was calculated as the number of 

pixels and the average gray scales above the set background. Immunohistochemistry 

procedures were conducted simultaneously on tissue from all groups for each detection 

antigen. Specificity of primary antibodies was assessed by omission of primary antibody 

during staining of selected slides from each treatment group. This omission resulted in a 

complete lack of signal (Sloane et al., 2009), data not shown.

Statistical analysis

Motor deficit scores were analyzed using a non-parametric Wilcoxon-Rank sum test. Body 

mass was evaluated using 2-way ANOVA. The mean immunohistochemical densitometry 

values for the left and right dorsal horn were averaged and analyzed by two-tailed t-test. The 

Kaplan-Meier survival curve was analyzed with log-rank test. Bonferroni post-hoc tests 

were used where appropriate and P < 0.05 was considered statistically significant.

Results

MOG peptide induced motor impairment within 7–12 d following inoculation. The rats 

receiving the single intrathecal (IT) vehicle injection demonstrated the relapsing remitting 

motor impairment (Fig. 1 and Fig. 2) as described previously (Ledeboer et al., 2003; Sloane 

et al., 2009). In the rats given a single IT injection of the A2AR agonist CGS21680, the body 

mass throughout the experiment was not significantly different over time (2-way-ANOVA, 

P=0.16), regardless of drug administered (Fig. 1A). There was a significant drug effect (2-

way-ANOVA, P=0.007), but there was no significant interaction (2-way-ANOVA, P=0.99). 

Therefore, body mass was well maintained throughout the experiment with rats in the 

CGS21680 group having a higher body mass for the duration of the experiment. At the onset 

of motor symptoms, a single intrathecal dose of 10 pmol CGS21680 significantly improved 

rr- EAE-induced motor symptoms (Wilcoxon, P<0.0001) for the duration of the experiment 

(last test day was 24–26 d after intrathecal injection), see Fig 1B.

ATL313 (1, 10 and 100 pmol), a more specific A2AR agonist, was injected IT at the onset of 

motor symptoms in the same way as detailed for CGS21680. Two groups were run such that 

1 and 100 pmol was compared to a vehicle group and a second experiment was done 

comparing 10 pmol with vehicle. The body mass was significantly affected over time (2-

way-ANOVA, P<0.0001), regardless of drug administered (data not shown). There was no 

significant difference in body mass with 10 or 100 pmol ATl313 compared to vehicle 

(P>0.05), but was significantly higher in the 1 pmol ATL313 group compared to vehicle 

(P<0.0001, data not shown).

There was a significant change in motor score over time with all groups in the classic 

relapsing remitting profile characteristic of the model. At the onset of motor symptoms, a 

single IT dose of 1 pmol ATL313 significantly improved rr-EAE-induced motor symptoms 

(Wilcoxon, P<0.0001, Fig. 2B), but 100 pmol ATL313 did not improve motor symptoms 

compared to vehicle (Wilcoxon, P=0.83, Fig. 2B). ATL313 at 10 pmol dose significantly 
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reduced motor paralysis (Wilcoxon, P<0.0001, Fig. 2A) and dramatically extended survival 

to at least 80 days when the experiment was terminated (Log-rank, P<0.01, Fig. 2C).

Immunohistochemistry

The lumbar spinal cord was collected and processed for OX-42, CD68 and CD163 

immunoreactivity, all markers of the monocyte lineage (Fig. 1C). The integrated pixel 

density of the mean of the combined left and right dorsal horns was evaluated and levels of 

OX-42 and CD68 markers were significantly lower in A2AR agonist-treated rats than those 

receiving vehicle (t-test, P=<0.05). CD163 in the combined left and right dorsal horns was 

not significantly different between groups (t-test, P=0.27).

Discussion

This series of experiments demonstrate that a single IT administration of an A2AR agonist at 

the time of motor symptom onset significantly attenuated the motor symptoms induced by 

rr-EAE. In addition, the A2AR agonist treatment decreased markers of activation in 

microglia and monocyte-lineage cells (CD68 and OX-42) in a region of the lumbar spinal 

cord affected by rr-EAE. Unlike CD68 and OX-42, CD163 was not different between those 

rats receiving A2AR agonist and the vehicle control. CD163 is a scavenger receptor used to 

identify alternatively activated macrophages and is often associated with increased 

expression of IL-10 known to be increased with A2AR agonism (Buechler et al., 2013; 

Loram et al., 2009). These experiments evaluated the efficacy of intrathecal A2AR agonism 

in a model of robust neuroinflammation, rr- EAE, and identified a long duration of effect in 

arresting progression of motor impairment from a single administration and significantly 

extended survival. Interestingly, there appears to present a U-shaped dose response function 

of ATL313 where higher doses are less effective than lower doses.

The role of adenosine in the severity and disease progression of EAE is complex. A 

bidirectional effect of adenosine receptor activation is identified in neuroinflammation and 

brain injury (Dai and Zhou, 2011). In some instances the lack of adenosine is 

neuroprotective, as seen in CD73 deficient mice. CD73 is a receptor that converts 

extracellular ADP or AMP to adenosine. CD73 −/− mice were protected from EAE (Mills et 

al., 2008) suggesting that the lack of extracellular adenosine synthesis protects the mice 

against EAE. In contrast, when CD4+ cells from CD73 −/− mice were adoptively transferred 

into mice lacking CD4+ cells, the EAE was exacerbated compared to adoptively transferring 

WT CD4+ cells (Mills et al., 2008). In addition, studies have demonstrated that both A1R 

and A2AR null mice had more severe EAE disease and motor impairment than wild type 

controls demonstrating a protective effect in neuroinflammation (Mills et al., 2012; Tsutsui 

et al., 2004; Yao et al., 2012). This bidirectional effect may result in the microenvironment 

of the macrophages, and e.g. microglia in EAE. Recent data demonstrated that pro-

inflammatory macrophages may phenotypically switch to a regulatory macrophage, which is 

anti-inflammatory, in the presence of IL-10, converting them to regulatory macrophages. 

This phenotypic switch has been demonstrated following G-protein-coupled receptor 

activation, such as A2AR (Cohen et al., 2013). This switch can only occur with already 

classically activated macrophages potentially explaining why in non-inflamed environments, 
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such as glutamate mediated excitatory tissue damage (Dai and Zhou, 2011), A2AR agonism 

is not protective, but in an already inflamed EAE model, as demonstrated here, the A2AR 

agonism is protective. In addition, most studies have evaluated the effect of adenosine and 

adenosine receptors at the time EAE induction and not once motor symptoms have 

presented. It is possible that adenosine receptors have different roles depending on the phase 

of the disease. For example, an adenosine antagonist, caffeine, given the day before MOG 

induction and every three days after induction, reduced EAE clinical scores, shown to be 

from reduced recruitment of CD4+ cells into the CNS (Mills et al., 2008). The data 

presented here are the first to demonstrate that in the EAE model, intrathecal administration 

of an A2AR agonist given at the time of motor symptom onset decreases the severity of these 

motor symptoms.

It is possible that the bidirectional effect of A2AR agonism also lies in the route of 

administration or dose administered. Selective and non-selective adenosine receptor 

antagonists are given systemically, the symptoms of EAE in wild type mice or rats are less 

severe (Chen et al., 2010; Mills et al., 2012; Mills et al., 2008; Wang et al., 2014; Wei et al., 

2013). Moreover, ATL313 administered systemically into a murine sepsis model 

significantly improved survival and reduced plasma pro-inflammatory cytokines (Moore et 

al., 2008). Therefore, it appears that in inflammatory models, the antiinflammatory response 

is independent of route of administration of an A2AR agonist. In the same experiment a dose 

response function demonstrated that the lowest dose produced the most robust effect. Of 

interest to note, in the same experiment a dose response function was done in the murine 

sepsis model identified that the lowest dose tested (5 ug/kg) produced the most robust 

response (Moore et al., 2008). Therefore, it is possible that the higher doses are toxic or 

counterproductive in this tightly regulated system between adenosine and ATP, as 

demonstrated in the data presented here.

A2AR are found on most immune cells in both peripheral immune cells and 

immunocompetent cells within the CNS (Dare et al., 2007; Deaglio et al., 2007; Hasko and 

Cronstein, 2004; Zarek et al., 2008). EAE is induced through CD4+ cell activation and 

infiltration into the CNS. A2AR −/− mice induced with EAE had an increased CD4+ cell 

count in the spinal cord than wild type controls (Mills et al., 2012; Yao et al., 2012). This 

increased CD4+ cell infiltration may in part be from peripheral mechanisms of increased T-

cell expansion in the spleen (Yao et al., 2012). Therefore, there is a role of A2AR agonism in 

immune cells in the periphery. However, intrathecal administration of an A2AR agonist, as 

done here, focuses on the role of A2AR within the spinal cord, demonstrating that A2AR 

agonists exert an anti-inflammatory effect within the spinal cord resulting in improved 

clinical scores. It is unlikely that such low doses and such small volumes administered that 

the effects noted in these experiments are from leakage of the drug out of the CNS and into 

the periphery. In addition, the reduction in markers of microglia and macrophages within the 

spinal cord suggests local effects of the A2AR administered IT. The reduced OX-42 

immunoreactivity has been previously shown in neuropathic models 7 d after a single A2AR 

spinal administration (Loram et al., 2009). Therefore, our immunohistochemical 

observations support direct actions of the A2AR agonism on microglia and macrophages 

within the spinal cord.
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The immunohistochemistry presented here support previous studies where macrophages in 

the spinal cord, subsequent to A2AR agonist administration, were less pro-inflammatory than 

vehicle controls. A2AR agonism in macrophages and microglia has been identified to induce 

a more anti-inflammatory phenotype with reduced TNFα and increased IL-10 production 

(Ferrante et al., 2013; Loram et al., 2013). Monocytes recruited to the site of inflammation 

differentiate when entering the tissues. The macrophage differentiation is dependent on the 

microenvironment to determine the phenotype of the macrophages. In A2AR −/− mice, there 

was an increased number of IBA-1+ and CD11b/F480+ cells in the spinal cord and brain 

compared to wild type controls when induced with EAE (Mills et al., 2012; Yao et al., 

2012). The IBA-1 positive cells were more amoeboid than ramified morphology suggestive 

of activated microglia. The lack of effect on CD163 is not surprising given new evidence 

suggesting a regulatory phenotype where IL-10 and arginase are increased, but the 

alternatively activated markers, such as CD163 are not affected (Mosser and Edwards, 

2008). Studies investigating the effect of A2AR agonism on arginase in spinal microglia are 

worthy of further investigation.

The extended survival in the EAE rats receiving a single administration of the A2AR agonist 

may result from a reduction in infiltrating immune cells into spinal cord because of reduced 

inflammation and lesions (Ajami et al., 2011; Loram et al., 2009). In the A2AR −/− mice, the 

acute presentation of EAE was less severe than WT controls. However, after 10 d the 

disease presentation was comparable (Mills et al., 2012). The same reduction in macrophage 

activation markers is seen in the spinal cord of EAE rats subsequent to IL-10 gene therapy 

administered intrathecally in EAE rats (Sloane et al., 2009). It is not known whether the 

microglial markers would look comparable to that of the earlier time points, as these tissues 

were not evaluated. But, it is not unreasonable to assume that given the unusually long 

survival of these animals that the immunohistochemistry of the microglia would not 

demonstrate as much activation than that of the vehicle control animals.

We have previously demonstrated that a single intrathecal administration of an A2AR 

agonist significantly decreased neuropathic allodynia in multiple models of neuropathic pain 

on rats (Loram et al., 2009). Neuroinflammation contributing to neuropathic pain is mild 

compared to aggressive neuroinflammation in autoimmune models of MS. Still, a single 

intrathecal delivery of A2AR agonists is effective in reducing motor symptoms associated 

with reduced neuroinflammation i.e. microglial activation via direct spinal effects.
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Research highlight

A single intrathecal A2AR agonist attenuated motor symptoms induced by experimental 

autoimmune encephalopathy.
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Figure 1. 
A single intrathecal injection of CGS21680 at the time of motor symptom onset reduces 

EAE induced motor paralysis. Here, body mass (A) and motor scores (B) are displayed 

relative to the first day that motor deficits were observed (score of 1 or greater). Black 

circles represent the group receiving CGS21680 (n=9) with standard error bars. Open circles 

represent the group receiving intrathecal vehicle (n = 9). A significant reduction in the 

severity of motor paralysis was observed following CGS21680 therapy without a significant 

change in body mass over time. CGS21680 (10 pmol) administered in animals with EAE 

attenuates expression of the microglial activation marker (OX-42) and CD68 in lumbar L4 –

L6 spinal cord sections of the dorsal horns (panel C). n = 11–12/group) for both OX-42, 

CD68 and CD163 immunohistochemistry. Representative images of OX-42 staining for the 

vehicle control and CGS21680 group are presented. Data are presented as mean ± SEM. *p 

< 0.05, between groups indicated.
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Figure 2. 
A single intrathecal injection of ATL313 (1, 10 and 100 pmol), at the time of motor 

symptom onset, reduces EAE induced motor paralysis. Here, motor scores for 0 and 10 pmol 

ATL313 (A) and 0, 1 and 100 pmol ATL313 (B) are displayed relative to the first day that 

motor deficits were observed (score of 1 or greater). All data are presented as the mean and 

SEM. Open circles represent the group receiving intrathecal vehicle (n = 8/9). Black circles 

represent the group receiving ATL313 100 pmol (n=7) in panel A and C and ATL313 10 

pmol (n=9) in panel B and D. Grey circles represent ATL313 1 pmol in panel B and D 
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(n=6). A significant reduction in the severity of motor paralysis was observed following 

ATl313 at 1 and 10 pmol without a significant change in body mass over time. Kaplan-

Meier survival curve of ATL313 10 pmol (black circles) compared to vehicle (open circles) 

in rats induced with EAE (C). A single intrathecal injection of ATL313 significantly 

extended the survival of the rats with EAE compared to vehicle (P<0.01) to beyond 80 days 

when the experiment was terminated.
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