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Abstract

Background—Some cells, tissues and organs release 2°,3’-cAMP (a positional isomer of 3°,5’-
cAMP) and convert extracellular 2°,3’-cAMP to 2’-AMP plus 3’-AMP and convert these AMPs to
adenosine (called the extracellular 2’,3’-cAMP-adenosine pathway). Recent studies show that
microglia have an extracellular 2°,3’-cAMP-adenosine pathway. The goal of the present study was
to investigate whether the extracellular 2’,3’-cAMP-adenosine pathway could have functional
consequences on the production of cytokines/chemokines by activated microglia.

Methods—Experiments were conducted in cultures of primary murine microglia. In the first
experiment, the effect of 2’,3’-cCAMP, 3’-AMP, 2’-AMP and adenosine on LPS-induced TNF-a
and CXCL10 production was determined. In the next experiment, the first protocol was replicated
but with the addition of 1,3-dipropyl-8-p-sulfophenylxanthine (DPSPX) (0.1 uM; antagonist of
adenosine receptors). The last experiment compared the ability of 2-chloro-NS-
cyclopentyladenosine (CCPA) (10 uM; selective A; agonist), 5’-N-ethylcarboxamide adenosine
(NECA) (10 uM:; agonist for all adenosine receptor subtypes) and CGS21680 (10 uM; selective
Ao agonist) to inhibit LPS-induced TNF-a and CXCL10 production.
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Results—1) 2’,3’-cAMP, 3’-AMP, 2’-AMP and adenosine similarly inhibited LPS-induced
TNF-a and CXCL10 production; 2) DPSPX nearly eliminated the inhibitory effects of 2’,3’-
CAMP, 3’-AMP, 2’-AMP and adenosine on LPS-induced TNF-a and CXCL10 production; 3)
CCPA did not affect LPS-induced TNF-a and CXCL10; 4) NECA and CGS21680 similarly
inhibited LPS-induced TNF-a and CXCL10 production.

Conclusions—2’,3’-cCAMP and its metabolites (3’-AMP, 2’-AMP and adenosine) inhibit LPS-
induced TNF-a and CXCL10 production via Apa-receptor activation. Adenosine and its
precursors, via Ao receptors, likely suppress TNF-a and CXCL10 production by activated
microglia in brain diseases.
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1. INTRODUCTION

As the primary innate immune cell in the central nervous system, microglia continuously
monitor neural parenchyma for pathologic changes and subsequently may assume a variety
of activation states [1, 2]. While microglia are recognized to have neuroprotective potential
with the ability to limit injury and contribute to neurogenesis [3, 4], they also may develop a
neurotoxic phenotype marked by the secretion of high levels of pro-inflammatory cytokines
and chemokines, reactive oxygen species, and nitric oxide. In this study we have focused on
two cytokine/chemokines released by activated microglia, TNF-a and CXCL10. Both
mediators have been shown to be increased in the human brain following TBI and both have
a growing body of evidence supporting their importance in neurologic disease [5].

Because of the limited restorative potential of the central nervous system, microglial
activation, including inflammatory mediator release, must be a tightly controlled process. As
such, the exact signals that dictate the development of various microglia activation
phenotypes remain under study. One metabolite that may be involved in modulating the
activation phenotype of microglia is adenosine. Following brain injury, adenosine is
elevated extracellulary and is widely recognized to have neuroprotective effects including
inhibition of excitatory neurotransmission, inhibition of neuroinflammation, and improved
cerebral blood flow [6-8]. Extracellular adenosine exerts it actions via four G-protein
coupled cell surface receptors (A1, Aoa, Az, Az) with different effects attributed to
activation of different receptor subtypes [9]. While adenosine has been shown to inhibit
secretion of certain pro-inflammatory cytokines, controversy exists regarding the adenosine
receptor subtype responsible for this effect. Additionally, there is literature to support
deleterious effects of certain receptor subtypes, in particular Ao receptors, following
neurologic injury.

Extracellular adenosine may become elevated via a variety of mechanisms including efflux
of intracellular adenosine through transporters or the extracellular generation of adenosine
from ATP [10, 11]. In addition, some cells, tissues and organs express the extracellular 3,
5’-cAMP-adenosine pathway (conversion of extracellular 3’,5’-cAMP to 5’-AMP and 5’-
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AMP to adenosine) [12-17]. Also some cells, tissues and organs release 2°,3’-CAMP
(positional isomer of 3°,5’-cAMP) and convert extracellular 2°,3’-cAMP to 2’-AMP and 3’-
AMP and convert these AMPs to adenosine (extracellular 2°,3’-cAMP-adenosine pathway)
[18-24]. Because microglia are important participants in the response to brain injury and
adenosine is an endogenous neuroprotectant, recently we investigated whether these
extracellular cAMP-adenosine pathways exist in primary murine microglia in culture [23].
Although there was little evidence of a 3°,5’-cAMP-adenosine pathway in microglia,
primary murine microglia readily converted 2’,3’-cCAMP to 2’-AMP and 3’-AMP and 3’-
AMP and 2’-AMP to adenosine. Moreover, subsequent in vivo studies in murine brains [25]
demonstrated: 1) conversion of exogenous 2’°,3’-CAMP to 2’-AMP and 3’-AMP; 2)
conversion of exogenous 3’-AMP and 2’-AMP to adenosine; 3) attenuation of exogenous 2,
3’-cAMP metabolism in mice null for 2°,3’-cyclic nucleotide-3’-phosphodiesterase (CNPase
—/-); 4) activation of the 2’,3’-cAMP-adenosine pathway by traumatic brain injury (TBI); 5)
attenuated activation of the 2’,3’-cAMP-adenosine pathway by TBI in CNPase —/— mice;
and 6) worsened histopathology in CNPase —/- mice following TBI. Also, we observed 2’,
3’-CAMP, 3’-AMP and 2’-AMP in the cerebrospinal fluid of TBI patients. Thus, it appears
that the 2’,3’-cAMP-adenosine pathway may be an important source of adenosine in TBI
and in microglia. However, whether the 2°,3’-cAMP-adenosine pathway modulates
microglial activation is unknown. Therefore, this study was designed to investigate the
ability of 2°,3’-cAMP, 3’-AMP, 2’-AMP and adenosine to alter the inflammatory response
of activated microglia via adenosine receptor subtypes.

2. RESULTS
2.1. Adenosine, 2’,3’-cAMP, 3'-AMP and 2’-AMP Inhibit LPS-Induced TNF-a and CXCL10

Production

In a preliminary experiment, primary microglia cultures were treated for 24 hours with LPS
(100 ng/ml), and cytokines/chemokines in the medium were assessed using a
semiquantitative screening assay [LabMAP™ system (Luminex Corporation, Austin, TX)
with a Milliplex® kit (EMD Millipore, Billerica, MA)]. As summarized in Figure 1, IL-2,
IL-5, IL-12, IL-17 and INF-y were below detection limit, and IL-9, IL-10, GM-CSF, IL-18,
IL-1a, IL-13, IL-15 and IL-4 although detectable did not change significantly with LPS
treatment. LPS did increase medium levels of CXCL-10, TNF-a, G-CSF, IL-6, G-CSF,
MIP-1a, KC and RANTES; however, the LPS-induced changes in CXCL10 and TNF-a
were the largest. As mentioned above, there is a growing body of evidence supporting the
importance of TNF-a and CXCL10 production by microglia in neurologic disease [5]. Also,
while previous studies have explored the role of adenosine in inhibiting microglia
production of TNF-a [26], the effects of adenosine on microglial CXCL10 production are
unknown. Furthermore, the effects of 2°,3’-cAMP and its downstream metabolites on
microglia TNF-a and CXCL10 production are entirely unknown as this has never been
studied. Thus in the present experiments, we focussed on the ability of the 2°,3’-cAMP-
adenosine pathway to alter LPS-induced TNF-a and CXCL10 production by microglia.

To determine if adenosine, 2°,3’-cCAMP, 3’-AMP or 2’-AMP inhibit LPS-induced TNF-a
and CXCL10 production, microglia were stimulated with LPS (100 ng/ml for 24 hours) and
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also treated with adenosine, 2,’3’-cAMP, 3’-AMP or 2’-AMP, and levels of TNF-a and
CXCL10 were measured in the culture medium using murine TNF-a and CXCL10 ELISA
kits from R&D Systems (Minneapolis, MN). In the absence of LPS, adenosine, 2’,3’-CAMP,
3’-AMP and 2’-AMP did not affect TNF-a or CXCL10 production by microglia (Figure 2).
LPS per se significantly stimulated TNF-a and CXCL10 production in the absence or
presence of purines; however, the stimulation of the production of TNF-a and CXCL10 by
LPS was significantly attenuated by adenosine, 2°,3’-cAMP, 3’-AMP and 2’-AMP (Figure
2). Moreover, 2’,3’-cCAMP, 3’-AMP and 2’-AMP suppressed LPS-induced TNF-a and
CXCL10 production at least as much as did adenosine, and in fact 2’-AMP suppressed TNF-
a slightly more than adenosine (Figure 2). These experiments suggest that adenosine, 2’,3’-
cAMP, 3’-AMP and 2’-AMP inhibit LPS-induced activation of primary microglia.

2.2 Blockade of Adenosine Receptors Diminishes the Ability of Adenosine, 2°,3’-cAMP, 3’-
AMP and 2’-AMP to Inhibit LPS-Induced TNF-a and CXCL10

To determine whether the inhibitory effects of adenosine, 2°,3’-cCAMP, 3’-AMP or 2’-AMP
on LPS-induced TNF-a and CXCL10 production is adenosine-receptor-mediated, the
experiment described above was repeated in the presence of 1,3-dipropyl-8-p-
sulfophenylxanthine (DPSPX) (0.1 uM; a receptor antagonist that blocks all four adenosine
receptor subtypes). In the absence of LPS but in the presense of DPSPX, adenosing, 2’,3-
CAMP, 3’-AMP and 2’-AMP did not affect TNF-a or CXCL10 production by microglia
(Figure 3). LPS per se significantly stimulated TNF-a and CXCL10 production in the
absence or presence of purines; however, the stimulation of the production of TNF-a and
CXCL10 by LPS was not attenuated by adenosine, 2°,3’-cCAMP, 3’-AMP or 2’-AMP in
DPSPX-treated microglia to the degree seen in the absence of adenosine receptor blockade
(Figure 3). While there was a statistically significant decrease in TNF-a by 2’-AMP and a
statistically significant decrease in CXCL10 by 2°,3’-cAMP despite blockade of adenosine
receptors with DPSPX, these effects were stastitically (p<0.0001) smaller compared to the
magnitude of suppression seen in the absence of adenosine receptor blockade (compare
Figures 2 and 3). These results suggest that adenosine blocks LPS-induced activation via an
adenosine-receptor-mediated mechanism and that likely 2°,3’-cAMP, 3’-AMP or 2’-AMP
also inhibit LPS-induced activation via conversion to adenosine (as previously shown [23])
and activation of adenosine receptors.

2.3 Aop Receptors Mediate Inhibition of LPS-Induced TNF-a and CXCL10 Production

Next, we sought to explore the adenosine receptor subtype involved in inhibition of
microglia TNF-a and CXCL10 production. To do this, we treated LPS activated microglia
with the nonselective adenosine receptor agonist 5’-N-ethylcarboxamide adenosine (NECA),
the highly selective A receptor agonist 2-chloro-N6-cyclopentyladenosine (CCPA), or the
highly selective Aya receptor agonist CGS21680. For each agonist we employed a high
concentration (10 pM) to assure that receptors were maximally activated. CCPA had no
effect on LPS-induced TNF-a or CXCL10 production (Figure 4) suggesting no role for A;
receptors in attenuating LPS-induced TNF-a or CXCL10 production in primary microglia.
In contrast, CGS21680 significantly reduced LPS-induced TNF-a and CXCL10 synthesis by
primary microglia (Figure 4) suggesting that activation of Apa receptors does indeed
attenuate LPS-induced TNF-a and CXCL10 production. NECA activates not only Asa
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receptors, but also Apg and Ag receptors. Therefore, if Ayg or Az receptors affect TNF-a or
CXCL10 production, then the inhibitory effects of NECA should substantially exceed the
inhibitory effects of CGS21680. However, this was not the case, i.e., NECA and CGS21680
similarly inhibited LPS-induced TNF-a and CXCL10 production (Figure 4).

3. DISCUSSION

A novel and important finding of the present study is the ability of the adenosine precursor,
2’,3’-cAMP and its metabolites, to inhibit LPS-induced microglial activation. 2°,3’-cAMP
has been increasingly recognized as an important source of adenosine at times of cellular
injury. In this regard, recent studies demonstrate that the 2’,3’-cAMP-adenosine pathway
exists in the brain in vivo, that it is more efficient than the 3’,5’-cAMP-adenosine pathway at
generating extracellular adenosine and that following experimental TBI the brain generates
endogenous 2’,3’-cAMP [25]. Also, findings from our lab show that primary microglia and
astrocytes metabolize 2°,3’-cCAMP to adenosine [23]. An important finding of the present
study is that the 2°,3’-cAMP-adenosine pathway effectively inhibits a key component of
microglial activation, namely inflammatory cytokine and chemokine production. In this
regard, 2’,3’-cAMP inhibits the production of TNF-a and CXCL10 as efficiently as
adenosine. Furthermore, because the inhibitory effects of 2°,3’-CAMP, 3’-AMP and 2’-AMP
are diminished in the presence of DPSPX, an adenosine receptor antagonist, our results
suggest that these adenosine precursors likely work following their conversion to adenosine.
Nonetheless, 2’-AMP has a slightly greater suppressive effect on TNF-a production
compared with adenosine, and not all of the suppressive effects of 2’-AMP on TNF-a
production are blocked by DPSPX. Therefore, it is possible that 2’-AMP possess additional
pharmacological effects independent of adenaosine receptors. Also the suppressive effects of
2’,3’-cAMP on CXCL10 production are not entirely blocked by DPSPX, suggesting that 2,
3’-CAMP, perhaps via conversion to its downstream AMPs, has non-adenosine receptor
mediated actions.

While it has been shown that adenosine decreases TNF-a secretion from LPS-stimulated
non-human primate microglia [26] and from LPS-activated murine BV-2 cells [27], this is
the first study to document the ability of adenosine to inhibit CXCL10 production in primary
microglia. CXCL10 is a chemokine produced in large amounts by activated microglia and of
growing interest in both infectious and non-infectious neurologic insults due to increased
recognition of its role in neuronal injury. As the resident innate immune effectors of the
CNS, microglia are important in mounting an immediate response to CNS insults as well as
in directing the subsequent cellular immune response. Production of CXCL10 by activated
microglia is likely critical in both of these roles because CXCL10/CXCR3 signalling is
needed for microglial migration to the site of injury and CXCL10 is a recognized chemo-
attractant for a variety of peripheral immune cells [28-30]. The importance of our finding
regarding the reduction in CXCL10 production by LPS activated microglia is underscored
by the observations that manipulation of CXCL10/CXCR3 signaling alters neuronal survival
after injury [31]. Additional support for a role of CXCL10 is that levels of CXCL10 in the
CNS are elevated in patients with a number of neurologic diseases. Of particular interest is
the elevation of CXCL10 in the cerebrospinal fluid of patients with amnestic mild cognitive
impairment, many of whom progress to Alzheimer disease, suggesting a role for CXCL10 in

Brain Res. Author manuscript; available in PMC 2016 January 12.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Newell et al.

Page 6

early neurodegeneration [32]. Interestingly, tissue levels of CXCL10 are increased in the
hippocampus of transgenic mice over-expressing a mutated form of human amyloid
precursor protein [33].

Taken together, our data and previous publications suggest that drugs modulating CXCL10
production by activated microglia may benefit patients with various CNS insults and
neurologic diseases [34, 35]. Interestingly, atorvastatin, an FDA approved HMG-CoA
reductase inhibitor, has been shown to decrease plasma levels of CXCL10 in patients with
inflammatory disease [36]. As elevated plasma and CSF levels of CXCL10 were found to be
associated with the development of fatal cerebral malaria in children and adults, atorvastatin
was studied as an adjunct to antimalarial therapy in a mouse model of cerebral malaria [37].
In this model, atorvastatin led to significant reduction in mortality and in neuroinflammation
[38]. Atorvastatin has also been used in experimental TBI and has been shown to improve
outcome, although CXCL10 was not evaluated in these studies [39, 40]. Ongoing evaluation
of the role of CXCL10 in various neurologic diseases is warranted as well as the
identification of potential drugs that modulate the CXCL10 response.

Like CXCL10, elevated TNF-a has also been implicated in the pathophysiology of various
neurologic diseases, including TBI. TNF-a is known to be a classic proinflammatory
cytokine, and within the CNS is produced primarily by microglia and astrocytes. Both
experimental and human data have demonstrated an increase in TNF following TBI [41-43].
Determining the effect of TNF on outcome following neurologic injury, however, has
proven to be complex. In a number of experimental TBI studies in which anti-TNFa
therapies were utilized, improvement in outcome was demonstrated [44, 45]. However, in a
study utilizing TNF-a knockout mice exposed to experimental brain injury, TNF-a
deficiency resulted in improved functional outcome in the short term, but worsened motor
and histologic outcome when followed for up to four weeks following injury [46].
Additionally, various in vitro studies have shown a neuroprotective role of TNF-a [47]. To
date, there have been no clinical studies that demonstrate a correlation between serum or
CSF TNF-a elevation and overall outcome. However, a TNF-a gene polymorphism that has
been associated with increased TNF-a expression was found to be associated with worse
overall outcome at six months following TBI [48]. Due to the growing evidence
demonstrating a role of TNF-a in the pathophysiology of neurologic injury, treatment
strategies that modulate TNF-a activity have been explored, including the use of Etanercept,
a FDA approved TNF-a antagonist [45, 49]. It is clear that ongoing study of the role of
TNF-a in TBI is indicated including investigation of endogenous factors that modulate
TNF-a production.

Besides showing inhibition of microglial TNF-a and CXCL10 production by adenosine, the
present study also demonstrates that activation of Aya receptors (with CGS21680), but not
A1 receptors (with CCPA), inhibits microglial TNF-a and CXCL10 production. These
receptor subtypes were of interest as they are the most highly expressed adenosine receptor
subtypes in the brain and both are implicated in inhibiting inflammation. Moreover, the fact
that CGS21680 inhibits TNF-a and CXCL10 production equivalently to NECA strongly
suggests that A, receptors, rather than Apg or Ag receptors, mediate suppression of LPS-
induced TNF-a and CXCL10. Although additional experiments with receptor subtype
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selective antagonists would be required to confirm this inference, the facts that Ao
receptor-activation causes maximum suppression and Ao receptors have a much higher
affinity for adenosine compared with A,g or Az receptors suggests that even if Ayg or Az
receptors suppress cytokine/chemokine production by activated microglia these effects
would be redundant with those of the A, receptor.

Deciphering the role of Ay receptors in neurologic injury is challenging. Although the
present study suggests that A1 receptors do not mediate suppression of LPS-induced TNF-a
and CXCL10, other studies do suggest a role for A; receptors in protecting against brain
insults. For example, a study of experimental autoimmune encephalitis shows that A;
receptor knock-out mice have more severe impairment, increased spinal cord microglia/
macrophage reactivity and increased expression of proinflammatory molecules in the spinal
cord compared to wild-type controls [50]. Also, in an experimental TBI model, the
microglial response is enhanced in A; receptor knockout compared to wild type mice [51].
Thus although A4 receptors do not mediate suppression of LPS-induced TNF-a and
CXCL10 production by microglia, A; receptors most likely are neuroprotective. However,
in TBI, we cannot rule out the possibility that exacerbation of damage by enhanced
excitotoxicity in Aq receptor knock-out mice is not indirectly mediating the enhanced
microglial response.

Deciphering the role of A, receptors in neurologic injury is even more difficult. Unlike in
peripheral tissue injury models and in peripheral immune cells where Aya-receptor
activation consistently results in protective, anti-inflammatory effects, conflicting results are
obtained in neurologic injury models [52, 53]. Following a wide range of injury types,
neuroprotection occurs with both activation and blockade of A, receptors [54].

Although the issue remains unresolved, a number of explanations regarding the conflicting
results with A, receptor manipulation are possible. Maturational stage is one factor that
may play an important role. For example, Ao receptor knock-out results in neuroprotection
in adult mice following ischemic brain injury whereas A, receptor knock-out worsens
outcome in neonatal mice following hypoxic ischemic brain injury [55, 56]. The timing of
Ao receptor manipulation following injury is also likely critical. A recent study of
experimental TBI demonstrates that an A, receptor stimulation and antagonism are either
protective or harmful depending on the time of administration following injury [57].

The cell type targeted is an additional consideration. In the CNS, Aya receptors are found on
neurons and glia with highest expression in striatal neurons and lower levels of expression in
other neurons and glial cells. Additionally, infiltrating peripheral leukocytes highly express
Ao receptors. Achieving neuroprotection may thus require differential targeting of the Aoa-
receptor-expressing cell populations; and to better assess the contribution of peripheral
versus CNS-derived cells, mouse chimera models can be deployed. Work by Yu et al.
strongly suggests that Apa receptor knock-out is neuroprotective in stroke via effects on
bone marrow rather than CNS-derived cells, as selective reconstitution of bone-marrow-
derived cells in A, receptor knock-out mice largely reinstates ischemic brain injury [58].
However, studies in experimental TBI suggest a detrimental role for A, receptors on both
bone marrow and CNS-derived cells [59]. While chimera studies are informative, to fully
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elucidate the role of Aya-receptor-manipulation, targeting of individual cell types is likely
needed as activation or blockade may have opposing effects at the cellular level.

Finally, recent work points to the importance of the cellular activation state and the local
environment in determining the effect of Aya-receptor-activation on neuroinflammation and
outcome following acute neurologic injury. Studies by Van der Puten et al. demonstrate in
non-human primate microglia that Aoa-receptor-activation leads to more significant
inhibition of TNF-a and 1L-12p40/p70 in activated microglia compared to resting microglia
[26]. Moreover, studies by Dai et al. show that microglial Aya-receptor-activation in the
presence of low glutamate results in decreased inflammation as measured by NOS activity.
However, when primary microglia are exposed to high glutamate concentrations, Aoa-
receptor-activation results in increased NOS activity. An in vivo TBI model confirms this
conclusion. Administration of an A,a-receptor-agonist results in decreased
neuroinflammation and improved outcomes if given at times of low local glutamate
concentrations or if given following pretreatment with a glutamate release inhibitor. When
administered at times of high CNS glutamate, however, A,-receptor-activation worsens
outcomes [57]. This may be important in explaining the variable results following Aza-
receptor-manipulation in the context of acute neurologic injury.

In the present study, we derived microglia from neonatal mice and maintained cells in
culture medium containing an extremely low glutamate concentration (0.05 mM), less than
the lower concentration used by Dai and coworkers. Using this method, we felt confident
that the results reflected only single subtype receptor activation and that activation of Asa,
but not Ay, receptors, inhibited TNF-a and CXCL10 production equivalently to the non-
selective adenosine receptor agonist, NECA. Therefore, activation of microglial Aoa
receptors clearly has potential for anti-inflammatory effects, but the conditions under which
it behaves in this manner are complex and must be better understood.

4. CONCLUSIONS

In summary, the 2’,3’-cAMP-adenosine pathway inhibited production of TNF-a and
CXCL10 at least as effectively as adenosine alone. This occurred mostly via an adenosine
receptor dependent mechanism. Inhibition of TNF-a and CXCL10 production occurs upon
activation of Ay, but not A receptors. Further study of the impact of the 2°,3’-cAMP
pathway on microglia activation and outcome following experimental TBI is ongoing.

5. EXPERIMENTAL PROCEDURE

5.1. Drugs

Lipopolysaccharide (LPS) from E. coli 026:B6, glutamate, adenosine, 2’,3’-cCAMP, 3’-AMP,
2’-AMP, 1,3-dipropyl-8-p-sulfophenylxanthine (DPSPX), 5’-N-ethylcarboxamide adenosine
(NECA), CGS21680, and 2-chloro-N8-cyclopentyladenosine (CCPA) were obtained from
Sigma-Aldrich (St. Louis, MO).
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5.2. Isolation of Primary Murine Microglia

Primary murine microglia were isolated from mixed glial cultures as previously described
[23]. Briefly, brains of postnatal day 1-3 C57BL/6 mice were removed. Cerebral cortices
were isolated and meninges were carefully removed. Cerebral cortices were dissociated by
trituration in 0.25% trypsin. Typsin was inactivated by addition of growth media
(DMEM/F12 and 10% FCS) and the mixture was passed through a 40 um filter followed by
centrifugation at 1200 RPM for 10 minutes. The cell pellet was resuspended in growth
media (DMEM/F12 and 10% FCS) and cells were plated on poly-L-lysine coated T-75
flasks. Media was changed every 4-5 days. Mixed glial cultures were used between 18-21
days when cultures were confluent. Microglia were isolated by the mild trypsinization
method using 0.25% trypsin diluted 1:4 in DMEM/F12 [60]. This resulted in detachment of
an intact layer of astrocytes and an adherent population of microglia. Microglia were then
removed from the flask using 0.25% trypsin and seeded into plates. After 24 hours of
recovery, microglia were used in various experiments. We have previously demonstrated
purity of microglial cultures obtained by this method [23].

5.3. Global Analysis of Cytokine and Chemokine Production

Microglia were treated with phosphate-buffered saline (PBS) or LPS (100 ng/mL) for 24
hours. Supernatants were collected to measure the concentrations of 20 cytokines/
chemokines using multianalyte profiling (LabMAP™ system; Luminex Corporation, Austin,
TX) with a Milliplex® kit (EMD Millipore, Billerica, MA).

5.4. Targeted Analysis of TNF-a and CXCL10 Production

Supernatant was collected following various experimental conditions described below and
TNF-a and CXCL10 production were measured using murine TNF-a and CXCL10 ELISA
kits from R&D Systems (Minneapolis, MN).

To determine the effect of adenosine and its precursors on TNF-a and CXCL10 production
from activated microglia, microglia were co-treated with LPS (100 ng/mL) and adenosine
(30 uM), 2,3’-cAMP (30 uM), 3’-AMP (30 uM) or 2’-AMP (30 uM) for 24 hours. To
determine if adenosine and its precursors were acting via adenosine receptors, the above
described experiment was repeated, but also in the presence of DPSPX (100 nM), a non-
selective adenosine receptor antagonist.

To evaluate the role of specific adenosine receptor subtypes, microglia were co-treated with
LPS and various adenosine receptor agonists. Agonists included NECA (10 pM; a non-
selective adenosine receptor agonist), CCPA (10 uM; a selective A, adenosine receptor
agonist), and CGS21680 (10 uM: a selective Ayp adenosine receptor agonist).

5.5. Statistical Analysis

Specific comparisons were conducted with 2-tailed Student’s t-tests with a criterion of
significance of p<0.05. Data are shown as mean and standard errors of the mean (SEM).
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Figure 1. Profile of the effects of LPS on release of cytokines and chemokines in primary murine
microglia with LPS

Primary microglia were treated with LPS (100 ng/mL) or phosphate-buffered saline (PBS)
for 24 hours. Released cytokines and chemokines were measured using multianalyte
profiling (LabMAP™ system; Luminex Corporation, Austin, TX) with a Milliplex® kit
(EMD Millipore, Billerica, MA). Production of cytokines and chemokines are expressed as
percentage of basal levels (PBS-treated controls). <DL, NS and S indicate less than assay
detection limit, non-significant change and significant change, respectively.
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Figure 2. Adenosine, 2°,3’-cCAMP, 3’-AMP and 2’-AMP inhibit lipopolysaccharide (LPS) induced

TNF-a and CXCL10 production in primary murine microglia

Primary microglia were treated without and with LPS (100 ng/mL) and without and with
adenosine (30 uM), 2°,3’-cAMP (30 uM), 3’-AMP (30 uM), or 2°-AMP (30 uM) for 24
hours. TNF-a and CXCL10 production were measured by ELISA. Data represent means and
SEMs and are expressed as % of TNF-a and CXCL10 levels in LPS-treated cells in the
absence of purines. LPS treatment alone resulted in TNF-a levels of 2692+371 pg/ml and
CXCL10 levels of 9828+1033 pg/ml. “a” indicates significantly different from
corresponding group without LPS, “b” indicates significantly different from “No Purine”
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LPS-treated group, and “c” indicates significantly different from “Adenosine” LPS-treated
group.
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Figure 3. 1,3-dipropyl-8-p-sulfophenylxanthine (DPSPX) blocks the effects of adenosine, 2°,3’-
cAMP, 3’-AMP and 2’-AMP on lipopolysaccharide (LPS) induced TNF-a and CXCL10
production in primary murine microglia

Primary microglia were treated with DPSPX (0.1uM) and without and with LPS (100
ng/mL) and without and with adenosine (30 pM), 2°,3’-cAMP (30 uM), 3’-AMP (30 uM), or
2’-AMP (30 pM) for 24 hours. TNF-a and CXCL10 production were measured by ELISA.
Data represent means and SEMs and are expressed as % of LPS treated control. LPS
treatment in the presence of DPSPX resulted in TNF-a levels of 512422 pg/ml and CXCL10
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levels of 11,246+533 pg/ml. “a” indicates significantly different from corresponding group
without LPS and “b” indicates significantly different from “No Purine” LPS-treated group.
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Figure 4. Activation of Aop, but not A1, adenosine receptors results in inhibition of
lipopolysaccharide (LPS) induced TNF-a and CXCL10 production

Primary microglia were co-treated with LPS (100 ng/mL) and NECA (10 uM), CGS21680
(10 uM), or CCPA (10 uM). TNF-a and CXCL10 production were measured by ELISA.
Data represent means and SEMs and are expressed as % of LPS treated control. LPS
treatment in the presence of ADA resulted in TNF-a levels of 1291+67 pg/ml and CXCL10
levels of 22384158 pg/ml. “a” indicates significantly different from corresponding group
without LPS and “b” indicates significantly different from “No Purine” LPS-treated group.
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