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Abstract

Extracellular adenosine 3,5"-cyclic monophosphate (3”,5”-cAMP) is an endogenous source of
localized adenosine production in many organs. Recent studies suggest that extracellular 2",3’-
cAMP (positional isomer of 3”,5"-cAMP) is also a source of adenosine, particularly in the brain in
Vvivo post-injury. Moreover, in vitro studies show that both microglia and astrocytes can convert
extracellular 2°,3”-cAMP to adenosine. Here we examined the ability of primary mouse
oligodendrocytes and neurons to metabolize extracellular 2”,3"-cAMP and their respective
adenosine monophosphates (2'-AMP and 3’-AMP). Cells were also isolated from mice deficient
in 2”,3"-cyclic nucleotide-3’-phosphodiesterase (CNPase). Oligodendrocytes metabolized 2,3 -
cAMP to 2’-AMP with 10-fold greater efficiency than did neurons (and also more than previously
examined microglia and astrocytes); whereas, the production of 3'-AMP was minimal in both
oligodendrocytes and neurons. The production of 2”-AMP from 2’,3"-cAMP was reduced by 65%
in CNPase -/- versus CNPase +/+ oligodendrocytes. Oligodendrocytes also converted 2" -AMP to
adenosine, and this was also attenuated in CNPase -/- oligodendrocytes. Inhibition of classic 3,
5’-cAMP-3’-phosphodiesterases with 3-isobutyl-1-methylxanthine did not block metabolism of
2’,3’-CAMP to 2’-AMP and inhibition of classic ecto-5’-nucleotidase (CD73) with a.,-
methylene-adenosine-5’-diphosphate did not attenuate the conversion of 2"-AMP to adenosine.
These studies demonstrate that oligodendrocytes express the extracellular 2”,3"-cAMP-adenosine
pathway (2°,3"-cAMP — 2’-AMP — adenosine). This pathway is more robustly expressed in
oligodendrocytes than in all other CNS cell types because CNPase is the predominant enzyme that
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metabolizes 2”,3”-cAMP to 2-AMP in CNS cells. By reducing levels of 2,3"-cAMP (a
mitochondrial toxin) and increasing levels of adenosine (a neuroprotectant), oligodendrocytes may
protect axons from injury.

Introduction

Adenosine is a purine nucleoside that exerts a wide range of effects in many organ systems
of the body, including the central nervous system (CNS). In the CNS, adenosine is both a
neuromodulator and an immunomodulator (Stone et al. 2009). In response to injury in the
brain, the extracellular levels of adenosine increase dramatically (Bell et al. 1998; Bell et al.
2001), and extracellular adenosine is neuroprotective primarily via activation of A;
adenosine receptors (Stone et al. 2009). For example, mice lacking the A; receptor have
increased incidence of lethal status epilepticus following experimental traumatic brain injury
demonstrating an essential role for adenosine signaling post-injury (Kochanek et al. 2006).
Although elevated adenosine levels can lead to increased inflammatory signaling by
activation of Ay receptors (Dai and Zhou 2011), adenosine produced by microglia is
neuroprotective against excitotoxic death in hippocampal neurons (Lauro et al. 2010) and
adenosine is thought to be mainly protective post-CNS injury.

Because adenosine is likely neuroprotective, it is important to elucidate the mechanisms
regulating adenosine production in the brain and how these pathways respond to brain
injury. Studies show that extracellular adenosine can be formed via multiple pathways. For
example, the stepwise metabolism of extracellular 5"-ATP to adenosine (5"-ATP — 5'-
ADP — 5'-AMP — adenosine) is a particularly important pathway of extracellular
adenosine generation in many organ systems and is mediated by the sequential actions of
CD39 and CD73 (Eltzschig 2009; Eltzschig and Carmeliet 2011; Eltzschig et al. 2006).
However, evidence is slowly emerging that another source of extracellular adenosine might
be via metabolism of extracellular adenosine cyclic monophosphates (CAMPs) to
corresponding adenosine monophosphates (AMPSs) which are in turn converted to adenosine
(Jackson 2011).

There are two potential “cAMP-adenosine pathways,” one that utilizes 3",5'-cAMP (3,5’-
CAMP — 5’-AMP — adenosine) and the other that utilizes 2",3"-cAMP (2',3’-cAMP —
2’-AMP + 3’-AMP — adenosine) (Jackson 2011). Although early studies elucidated the
existence of the 3”,5"-cAMP-adenosine pathway (Jackson and Raghvendra 2004), more
recent studies have focused on the 2”,3”-cAMP-adenosine pathway. 2”,3"-cAMP is a
positional isomer of 3”,5"-CAMP that was first detected as being released from the kidney
due to metabolic stress and/or injury and was shown to be a source for adenosine formation
in the kidney via metabolism of 2”,3"-CAMP to 2’-AMP and 3"-AMP which are in turn
converted to adenosine (Jackson et al. 2009).

The extracellular 2”,3’-cAMP-adenosine pathway differs from the extracellular 3°,5'-
cAMP-adenosine not only by the starting CAMP substrate and intermediate AMPs formed,
but also by the enzymes involved. cCAMPs are metabolized to AMPs by phosphodiesterases
(PDEs) expressed within the cell or on the cell surface (Lugnier 2006). The extracellular 3’,
5’-cAMP-adenosine pathway entails the metabolism of 3°,5'-cAMP to its sole 5"-AMP
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metabolite by ecto-3”,5"-cAMP-3’-PDEs that are inhibited by 3-isobutyl-1-methylxanthine
(IBMX) and 1,3-dipropyl-8-p-sulfophenylxanthine (DPSPX), and 5"-AMP is then converted
in the extracellular space to adenosine primarily by ecto-5’-nucleotidase (CD73) (Jackson
and Raghvendra 2004).

The 2’,3"-cAMP-adenosine pathway is currently far less well defined than the 3’,5"-cAMP
pathway. Extracellular 2”,3"-cAMP is metabolized to 3"-AMP by enzymes resistant to both
IBMX and DPSPX and to 2"-AMP by enzymes resistant to IBMX and only partially
sensitive to DPSPX, and 2’-AMP and 3"-AMP are converted to adenosine independently of
CD73 (Jackson 2011; Jackson and Gillespie 2012; Jackson et al. 2011a; Jackson et al.
2011b; Jackson et al. 2011c; Jackson et al. 2010a; Jackson et al. 2009).

Very recent studies suggest that the extracellular 2”,3"-cAMP-adenosine pathway is
functional in vivo in the CNS. The evidence supporting this notion is that: 1) 2’,3"-cAMP,
2’-AMP, 3"-AMP and adenosine are present in the cerebral spinal fluid of patients with
traumatic brain injury; 2) the mouse brain in vivo metabolizes 2”,3"-cAMP to 2"-AMP plus
3’-AMP; 3) the mouse brain in vivo further metabolizes 2"-AMP and 3’-AMP to adenosing;
and 4) in mice cortical impact elevates brain interstitial levels of 2",3"-CAMP, 2’-AMP, 3’-
AMP and adenosine (Verrier et al. 2012). Moreover, in vitro studies using primary mouse
microglia and astrocytes demonstrate that both of these cell types express components of the
extracellular 2”,3"-cAMP-adenosine pathway, but appear to lack a significant 3’,5”-cAMP-
adenosine pathway (Verrier et al. 2011).

Recent studies also suggest that a long enigmatic enzyme, namely 2”,3"-cyclic
nucleotide-3"-phosphodiesterase (CNPase; also known as Cnp), does indeed metabolize 2,
3’-cAMP to 2’-AMP in the mouse brain in vivo and that this mechanism provides an
important source of localized adenosine production post-controlled cortical impact (Verrier
et al. 2012). CNPase, which comprises about 4% of the total myelin protein in the CNS, is
presently thought to be a structural protein primarily expressed in the myelinating glia. It's
enzymatic potential to metabolize 2,3’ -cyclic nucleotides to 2”-nucleotides in vitro was
puzzling because until the recent detection of 2”,3"-cAMP in vivo, its endogenous substrate
was unknown. Interestingly, the CNPase knockout mouse displays a progressive neuropathy
with only slight, ultrastructural changes to the myelin. It has been proposed that the lack of
CNPase in the oligodendrocytes inhibits an essential glial trophic support mechanism of
axons (Edgar et al. 2009), although no such factor has been identified yet. As of this
publication the only enzymatic role demonstrated for CNPase in vivo is the metabolism of
2’,3"-cAMP to 2’-AMP, although the samples analyzed were whole brain and the individual
contribution of oligodendrocytes and neurons to this pathway have yet to be examined.

In the data presented here, we show that oligodendrocytes are likely the major cell type
responsible for the extracellular 2”,3"-cAMP-adenosine pathway in the CNS.
Oligodendrocytes are very efficient at metabolizing 2°,3"-cAMP to 2"-AMP and this
reaction is predominately performed by the enzyme CNPase. Oligodendrocytes are also able
to convert 2°,3"-cAMP to 3’-AMP, but to a much lesser extent than 2"-AMP. Neurons
convert 2”,3"-cAMP to its AMPs (and to adenosine) at a much reduced rate when compared
to oligodendrocytes suggesting this pathway is primarily non-neuronal. These data establish
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another role for glial mediated CNS protection via a myelin enriched protein dependent
mechanism of localized adenosine formation.

Primary Oligodendrocyte and Neuron Cultures

Primary oligodendrocytes were isolated from embryonic day 16 mouse pups of either sex
bred from a previously characterized CNPase knockout colony (Lappe-Siefke et al. 2003) as
described previously (Chen et al. ; Pedraza et al. 2008). Pure CNPase +/+ or CNPase -/-
litters were obtained from homozygous breeding pairs. The animals were sacrificed, and for
each experiment three brains were obtained and placed in ice-cold Hank's buffered salt
solution (HBSS). To obtain enough cells for the experiments, at least 3 litters per genotype
were used. After the removal of the meninges, the brains were washed in cold HBSS before
the cortices were isolated, triturated and passed through a 50 um nylon filter to achieve a
single cell suspension. The cells were plated onto plastic culture flasks and grown in
neurosphere growth media [Dulbecco's Modified Eagle Medium (DMEM) F-12, 25 pg/ml
insulin, 100 pg/ml apo-transferrin, 20 nM progesterone, 60 uM putrescine, 30 nM sodium
selenite, 20 ng/ml basic fibroblast growth factor, 20 ng/ml epidermal growth factor] and fed
every other day for 4 days. At this point, neurospheres were clearly visible and the media
was then supplemented with 20 ng/ml bFGF and 40 ng/ml platelet-derived growth factor to
induce oligosphere formation. After 2 weeks of oligosphere media (changed every other
day), the cells were dissociated and filtered through a 50 um nylon filter and plated onto
poly-d-lysine coated 24 well plates at 1.5 x 10 cells per well in oligodendrocyte precursor
media [DMEM/F12, Hepes, penicillin/streptomycin, 4 mM L-glutamine, 1 mM sodium
pyruvate, 0.1% bovine serum albumin (BSA), 50 pg/ml apo-transferrin, 5 pg/ml insulin, 30
nM sodium selenite, 10 nM D-biotin, 10 nM hydrocortisone]. The oligodendrocyte
precursor cells were allowed to proliferate for 3 days and then oligodendrocyte
differentiation media (DMEM/F12, Hepes, penicillin/streptomycin, 100 pg/ml apo-
transferrin, 100 pug/ml BSA, 16 pg/ml putrescine, 40 ng/ml sodium selenite, 5 pg/ml N-
acetyl-L-cystine, 10 ng/ml biotin, 4.2 pug/ml forskolin, 5 pg/ml insulin, 2 mM glutamine, 1
mM sodium pyruvate, 40 ng/ml 3,3",5-Triiodo-L-thyronine, 10 ng/ml cilliary neurotrophic
factor) was added and cells were re-fed with half fresh media every other day. After 5 days
in differentiation media, approximately 85% of the cells were estimated by light microscopy
to be mature oligodendrocytes and were then used for the metabolism and
immunofluorescence studies.

Primary mouse neurons were isolated and cultured as previously described (Jackson et al.
2010b). In brief, mouse embryos were collected. To obtain enough cells for the experiments,
at least four brains were isolated, chopped, trypsinized and triturated from at least 3 separate
litters per genotype. Neurobasal media (Neurobasal Media, B27 supplement, L-glutamine,
penicillin/streptomycin) was used to culture the cells on poly-d-lysine coated 24-well plates
at a density of 2 x 10 cells/well. Cells were placed in a 37°C incubator (5% C05/95% O»).
At day in vitro 3, neurobasal media containing 8 UM arabinofuranosyl cytidine was added to
stop glial proliferation in the cultures. Cells were used for metabolism studies at day in vitro
10. All procedures were performed in accordance with the National Institutes of Health
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Guide for the Care and Use of Laboratory Animals and under the approval of the University
of Pittsburgh Animal Care and Use Committee.

Immunofluorescence and Western Blotting

Primary oligodendroctyes and neurons were isolated as described above and grown on 8-
chamber poly-d-lysine coated glass slides. At the indicated time point (day in vitro 10 for
neurons, 5 days post-differentiation for oligodendrocytes) the cells were washed twice with
phosphate buffered saline (PBS) prior to fixation with 4% paraformaldehyde (in PBS, pH
7.4) for 10 minutes at room temperature. The cells were permeabilized with 0.1% Trition
X-100 for 15 minutes, blocked with 10% normal goat serum/PBS for 45 minutes and
incubated with primary antibodies at 4°C for 16 hours. The cells were then washed 3 times
with PBS and fluorochrome conjugated secondary antibodies (1:500 dilution, Invitrogen,
Carlsbad, CA) were added for 1.5 hours. The cells were again washed 3 times with PBS and
mounted using a medium containing DAPI (Santa Cruz Biotechnology; Santa Cruz, CA). To
demonstrate the presence of neurons, cultures were probed with a mouse anti-neuron
specific beta tubulin I11 antibody (1:1000 dilution; Abcam; Cambridge, MA). To show the
presence of mature oligodendrocytes, we employed a mouse anti-CNPase antibody (1:500
dilution; Abcam, Cambridge, MA). The images were captured using a Nikon fluorescent
microscope and images were processed using Adobe Photoshop software.

Western blot analysis was performed as described (Jackson et al. 2010b). In brief, CNPase
+/+ and CNPase -/- mouse cortical tissue was homogenized in RIPA buffer (Thermo Fisher
Scientific, Rockford, IL) with both protease and phosphatase inhibitors. Protein sample
concentration was determined using a BCA protein assay kit (Thermo Fisher Scientific).
Twenty mg of sample was separated by SDS-PAGE and transferred to a PVDF membrane.
Primary antibody (either mouse anti-CNPase, 1:500, Abcam; or rabbit anti-GAPDH,
Abcam) was diluted in 5% milk/TBS and incubated on a shaker at 4°C for 16 hours. The
blots then washed and probed with HRP-conjugated secondary antibody for 2 hours,
washed, and exposed to chemiluminescent substrate prior to development. The resulting
films were scanned and processed with Adobe Photoshop software.

Metabolism Studies

To examine purine metabolism experiments were performed as previously described
(Verrier et al. 2011). In brief, either 150,000 primary mouse oligodendrocytes or 200,000
primary neurons per well of a 24-well plate were washed twice with HEPES-buffered HBSS
and treated with 0.5 ml of PBS with HEPES (25 mmol/L) and NaHCO3 (13 mmol/L) in the
presence and absence of substrates (2°,3"-cAMP, 3’-AMP, or 2’-AMP; Sigma, St. Louis,
MO). Where indicated enzyme inhibitors were included in the treatment [3-isobutyl-1-
methylxanthine {IBMX, broad spectrum phosphodiesterase inhibitor (Beavo and Reifsnyder
1990)}; 1,3-dipropyl-8-p-sulfophenylxanthine {DPSPX, ecto-phosphodiesterase inhibitor
(Tofovic et al. 1991)}; a.,B-methylene-adenosine-5’-diphosphate {AMPCP, ecto-5’-
nucleotidase (CD73) inhibitor (Zimmermann 1992)}]. After one-hour incubation at 37°C,
the medium was collected and immediately incubated at 100°C for 3 minutes to denature
enzymes. Samples were then stored at —80°C until assayed by mass spectrometry. Total
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protein content of a least three wells per 24-well plate was measured using the Thermo
Scientific Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA).

Analytical Methods

The internal standard (13Cyg-adenosine) for the following analytical methods was obtained
from Medical Isotopes Inc. (Pelham, NH). The purines in our collected samples were
resolved by reversed-phase liquid chromatography (Agilent Zorbax eclipse XDB-C-18
column) and further quantified using a triple quadrupole mass spectrometer (LC-MS/MS;
TSQ Quantum-Ultra, ThermoFisher Scientific). The methods have been described in detail
previously (Jackson et al. 2009). The determined limit of detection for purines in this assay
system is estimated to be 0.2 nmol/L.

Statistical Analysis

Results

Data were analyzed by 1-factor analysis of variance (ANOVA), 2-factor ANOVA or
Student's t-test as appropriate. If and only if main effects were significant in the ANOVASs,
post hoc comparisons were performed with a Fisher's Least Significant Difference test. The
criterion of significance was p<0.05. All values in text and figures are means + SEM. Data
were converted to nmol/L/ug protein to normalize between the cell types used in these
experiments.

CNPase +/+ and -/- Mouse Colony Primary Cell Cultures

A previously characterized CNPase knockout mouse colony (Lappe-Siefke et al. 2003) was
utilized for these studies. We confirmed the complete absence of both type 1 and 2 isoforms
of CNPase from these animals using western blot analysis for the CNPase protein. Samples
of mouse cortical brain tissue isolated from both wild-type and knockout mice show that
neither CNPase isoform is detectable in the knockout mice (Figure 1A). Since we sought to
define the cellular metabolism of 2,3"-cAMP, 2"-AMP and 3’-AMP of both neurons and
oligodendrocytes, we isolated these primary cell types from both CNPase +/+ and CNPase
-/- embryonic mice. The cell type identification of the cultures was determined by
immunofluorescence staining using antibodies for cell-type-specific proteins. For neuron
cultures, neuron specific beta tubulin 111 shows the cultures to be over 95% neurons (Figure
1B). CNPase was used as a label to detect mature, differentiated oligodendrocytes (Figure
1C). The cultures were determined to be approximately 85% oligodendrocytes with few
contaminating other glial cell types.

Metabolism of 2”,3’-cAMP to 2’-AMP and 3’-AMP by Oligodendrocytes and Neurons

We first sought to characterize the ability of primary mouse oligodendrocytes and neurons
from both CNPase +/+ and CNPase -/- mice to metabolize extracellular 2”,3"-CAMP.
Oligodendrocytes isolated from CNPase +/+ mice were able to convert extracellular 2”,3"-
cAMP to 2’-AMP in an efficient manner (Figure 2A), reaching a maximum detection of 203
nmol/L/ug protein when 30 pM of 2”,3”-cAMP was added to the cultures. The
oligodendrocytes from the CNPase -/- mice were approximately 65% less effective at
forming 2’-AMP from extracellular 2”,3"-cAMP (Figure 2A). The reduced ability of
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oligodendrocytes from CNPase -/- mice to metabolize 2°,3"-cCAMP to 2'-AMP was
confirmed by the highly significant statistical interaction between genotype and 2”,3"-cAMP
level (P<0.0001) that was revealed by 2-factor ANOVA. In contrast, neurons from CNPase
-/- mice were able to convert 2”,3"-cAMP to 2’-AMP approximately 20% more efficiently
than the neurons isolated from the CNPase +/+ mice (Figure 2B) (P<0.0001 for genotype x
2,3’ -cAMP; 2-factor ANOVA). Comparing between the two cell types, wild-type
oligodendrocytes were able to form approximately 10-fold more 2”-AMP from 2”,3"-cAMP
than wild-type neurons.

With regard to 3’-AMP formation from extracellular 2”,3"-cAMP, oligodendrocytes (Figure
2C) were over 2-fold more efficient at this process than neurons (Figure 2D). There was no
genotype effect observed in either cell type (for oligodendrocytes P=0.8003 and P=0.8796
for genotype and genotype x 2”,3"-cCAMP, respectively, by 2-factor ANOVA,; for neurons
P=0.3819 and P=0.8739 for genotype and genotype x 2”,3"-CAMP, respectively, by 2-factor
ANOVA). Also, the amounts of 3"-AMP formed from 2”,3"-cAMP compared to 2’-AMP
were over 25-fold less in the oligodendrocytes and over 6-fold less in the neurons.

Metabolism of 2’,3’-cAMP to Adenosine

We also sought to determine if either oligodendrocytes (Figure 3A) or neurons (Figure 3B)
possess the capacity to convert extracellular 2”,3"-cAMP to adenosine, and we investigated
if lack of CNPase would significantly affect this reaction. CNPase +/+ oligodendrocytes
(Figure 3A) were able to convert extracellular 2”,3"-cAMP to adenosine more readily than
CNPase -/- oligodendrocytes (P=0.0017 for genotype x 2”,3"-cAMP; 2-factor ANOVA).
Neurons (Figure 3B), were also able to convert 2”,3”-cAMP to adenosine but much less
efficiently than oligodendrocytes. When comparing the two cell types, at the highest
concentration of 2”,3"-cAMP used, wild-type oligodendrocytes were approximately 4-fold
more efficient at converting 2”,3"-cAMP to adenosine than wild-type neurons. The ability of
CNPase -/- neurons to convert 2°,3”-cAMP to adenosine was only slightly reduced
compared with CNPase +/+ neurons.

Metabolism of 2’-AMP and 3’-AMP to Adenosine

We next sought to evaluate both cell types and genotypes for their ability to convert 2”-
AMP and 3’-AMP to adenosine. Oligodendrocytes (Figure 4A) and neurons (Figure 4B)
were able to convert 2”-AMP to adenosine in both genotypes. However the CNPase -/-
oligodendrocytes were slightly less efficient at the reaction than the CNPase +/+ cells
(Figure 4A) (P=0.0015 for genotype; 2-factor ANOVA). 3’-AMP was converted to
adenosine by both cell types in similar amounts and at levels slightly higher than 2’-AMP
(Figure 4C and D). There was also a small genotype effect (reduced activity) observed in
oligodendrocytes (P=0.0032 for genotype; 2-factor ANOVA) and neurons (P=0.0014 for
genotype; 2-factor ANOVA) in the conversion of 3"-AMP to adenosine.

PDE Inhibitors on 2’,3’-cAMP to 2’-AMP and 3’-AMP Formation

The conversion of extracellular 3”,5"-CAMP to 5'-AMP is blocked by IBMX (1 mmol/liter;
a broad spectrum PDE inhibitor) and DPSPX (1 mmol/liter; an ecto-PDE inhibitor) (Jackson
2011; Jackson and Raghvendra 2004). To determine whether the metabolism of extracellular
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2’,3’-CAMP is via the same enzymes that metabolize 3",5"-CAMP to 5’-AMP, we examined
in oligodendrocytes and neurons the ability of IBMX and DPSPX to inhibit the metabolism
of 2°,3"-CAMP to 2’-AMP and 3"-AMP. IBMX did not affect the metabolism of 2”,3"-
cAMP to either 2"-AMP or 3’-AMP regardless of cell type or genotype (Figure 5). However
in both oligodendrocytes and neurons, irrespective of genotype, DPSPX did slightly reduce
the amount of 2”-AMP formed from the addition of extracellular 2”,3"-cAMP (Figure 5)
(P<0.0001; 1-factor ANOVA).

CD73 Inhibition on 2’-AMP and 3’-AMP Metabolism to Adenosine

The conversion of extracellular 5”-AMP to adenosine is blocked by AMPCP (Jackson 2011;
Jackson and Raghvendra 2004), an inhibitor of ecto-5"-nucleotidase (CD73). To determine
whether the metabolism of extracellular 2”-AMP and 3"-AMP to adenosine is via the same
enzyme (CD73) that metabolizes 5'-AMP to adenosine, we examined in oligodendrocytes
and neurons the ability of AMPCP to inhibit the metabolism of 2"-AMP and 3"-AMP to
adenosine. AMPCP did not affect the metabolism of either 2"-AMP or 3’-AMP to adenosine
regardless of cell type or genotype (Figure 6).

Discussion

The rapid and robust increase of extracellular adenosine in the brain post-injury is an
essential process for endogenously mediated neuroprotection, yet mechanistically it remains
poorly defined. The experiments presented here further elucidate the cell types and enzymes
responsible for the extracellular 2”,3”-cAMP-adenosine pathway in the CNS. We show that
oligodendrocytes metabolize 2”,3"-cAMP to 2’-AMP much more robustly than do neurons.
Also, compared to our previous results in astrocytes and microglia (Verrier et al. 2011),
oligodendrocytes are much better at generating 2’-AMP from 2”,3"-cAMP. Thus although
neurons, astrocytes and microglia can metabolize 2”,3"-cAMP to 2'-AMP, oligodendrocytes
are clearly the primary cell type producing extracellular 2"-AMP in the CNS.

We also reveal here that oligodendrocytes process 2”,3"-cAMP mainly to 2’-AMP with only
trace amounts of 3"-AMP. In agreement with previous in vivo studies (Verrier et al. 2012),
the conversion of 2”,3"-cAMP to 2"-AMP in oligodendrocytes is highly dependent on the
expression of CNPase. The observation that in oligodendrocytes lacking CNPase the
metabolism of 2”,3’-cAMP to 2"-AMP is reduced by approximately 65% clearly
demonstrates that CNPase is the major enzyme responsible for this process.

However, the metabolism of 2”,3"-cAMP to 2’-AMP is not exclusively mediated by
CNPase since some 2’-AMP is formed even in CNPase -/- oligodendrocytes, an observation
supported by previous in vivo experiments in CNPase -/- mice (Verrier et al. 2012). Also,
some of the capacity of CNPase +/+ and -/- oligodendrocytes and neurons to convert 2”,3"-
CAMP to 2'-AMP is inhibited by DPSPX, but not by IBMX. This is consistent with our
previous observations that a component of the capacity of vascular smooth muscle cells and
glomerular mesangial cells to metabolize 2,3"-cAMP to 2’-AMP is sensitive to DPSPX
(Jackson et al. 2010a). Together, these findings imply that 2”,3"-cAMP is metabolized to 2-
AMP by at least three enzymes: 1) CNPase; 2) DPSPX-insensitive, non-CNPase; and 3)
DPSPX-sensitive, non-CNPase. Nonetheless, at least in the CNS CNPase is likely the
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primary enzyme mediating 2"-AMP formation. Interestingly, neurons lacking CNPase have
a slightly enhanced ability to produce 2’-AMP from 2”,3"-cAMP, implying an upregulation
of expression or activity of other PDEs when CNPase is absent.

Although there is a 65% reduction of 2"-AMP production from 2",3"-cAMP in the CNPase
-I- oligodendrocytes, the conversion of 2”,3"-cAMP into adenosine is reduced by
approximately 30%. Thus, CNPase makes only a partial contribution to adenosine
production from 2”,3”-cAMP. It could be that the major benefit of CNPase is to prevent the
cytotoxic effects of accumulated 2”,3"-cAMP and that the production of adenosine via this
pathway is of secondary importance. However, our hypothesis is that both mechanisms
participate (Figure 7).

The PDEs responsible for the metabolism of 2”,3"-cAMP to 3’-AMP are even more elusive
than the 2’-AMP producing PDESs since they are insensitive to both IBMX and DPSPX,
findings consistent with what is observed in astrocytes, microglia, vascular smooth muscle
cells and glomerular mesangial cells (Jackson et al. 2010a; Verrier et al. 2011). These data
do help to limit the possible PDEs that are producing 3’-AMP (and 2"-AMP) in the CNS.
Although IBMX can inhibit most PDEs, PDE8 and PDE9 are known to be IBMX insensitive
(Lugnier 2006). Future experiments can use specific inhibitors of IBMX-insensitive PDESs to
further characterize the 2”,3"-cAMP-adenosine pathway. Our previous studies in astrocytes
and microglia show that IBMX and DPSPX significantly inhibit conversion of 3",5"-CAMP
to 5'-AMP (Verrier et al. 2011). These data indicate that this process is performed by
several PDEs targeted by these inhibitors, an observation supported by previous studies
(Lugnier 2006). Thus the 2",3”-cAMP-adenosine pathway is distinct in many respects from
the 3’,5"-cAMP-adenosine pathway in the major cell types of the CNS.

The present findings also show that both oligodendrocytes and neurons are able to
metabolize both 2"-AMP and 3’-AMP to adenosine and that there are only minor
differences between the cell types and genotypes in this regard. However, oligodendrocytes
do form adenosine from 2”-AMP about 50 percent more efficiently than neurons. Of note,
the ability of oligodendrocytes to metabolize 2"-AMP and 3’-AMP to adenosine is modestly
reduced in CNPase -/- oligodendrocytes. It is possible that life-long knockout of CNPase
may lead to down-regulation or altered activity of other enzymes in these metabolic
pathways. Alternatively, it is conceivable that CNPase per se may be involved in the direct
metabolism of 2"-AMP and 3’-AMP to adenosine. In this regard, in both cell types the
conversion of 2’-AMP and 3"-AMP to adenosine is not affected by inhibition of CD73 with
AMPCP, which is known to reliably abolish 5"-AMP to adenosine metabolism. These data
suggest that oligodendrocytes and neurons convert both 2’-AMP and 3’-AMP to adenosine
via a non-CD73 enzyme and highlight the fact there are still yet to be identified 2" and 3’
specific nucleotidases.

There are implications from the findings that both 2"-AMP and 3’-AMP are converted to
adenosine independent of CD73. First, adenosine derived from 2"-AMP and 3’-AMP cannot
be discounted in experiments using CD73 knockout animals or CD73 inhibitors. Another
implication is that it is no longer sufficient to refer to all cyclic adenosine monophosphates
as just “cAMP” because we show 2"-AMP and 3"-AMP are processed differently by distinct
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enzymes, likely arise from different sources than 5"-AMP, and yet are precursors for
adenosine similar to 5 -AMP. Again these observation reinforce the concept that the
extracellular 2",3"- cAMP-adenosine pathway is a similar yet still distinct mechanism from
the 3’,5”-cAMP-adenosine pathway.

CNPase is highly enriched in the myelinating cells of the nervous system, Schwann cells in
the PNS and oligodendrocytes in the CNS (Sprinkle 1989). There are reports of this enzyme
being detected in other cell types, specifically in the mitochondrial fraction, and CNPase
activity is observed in both the spleen and thymus (Weissbarth et al. 1981). However, as
indicated by immunological and other protein analytical techniques, and here by the robust
levels of the CNPase-dependent reaction (2°,3"-cCAMP to 2"-AMP), oligodendrocytes have
both the highest levels of expression and activity of the four major cell types of the CNS.
Studies show that CNPase is down-regulated in Down syndrome, Alzheimer's disease
(Vlkolinsky et al. 2001) and multiple sclerosis, where CNPase may serve as an auto-antigen
for the disease (Walsh and Murray 1998). Indeed, CNPase -/- mice develop severe
neurodegeneration with age with seemingly normal myelin (Lappe-Siefke et al. 2003), a yet
to be explained phenotype. Moreover, even minor brain injury in very young (postnatal day
28) CNPase -/- mice triggers a vicious cycle of neurodegeneration and low-grade
inflammation (astrogliosis and microgliosis) accompanied by axonal degeneration and
deterioration of working memory 3 months after the initial injury (Wieser et al. 2013). Of
great importance is that even CNPase +/- (heterozygous) mice that have only reduced
CNPase develop a psychiatric disease with advanced age characterized as a catatonia-
depression syndrome (Hagemeyer et al. 2012). Finally, detailed studies in myelin from aged
rhesus monkeys demonstrate a striking age-related dysfunction of CNPase in lipid rafts, a
finding hypothesized to lead to myelin and axonal pathology (Hinman et al.). These studies,
when taken in combination, strongly suggest that decreased CNPase contributes to
neurological and psychiatric diseases. It is possibly that a compromised 2”,3"- cAMP-
adenosine pathway contributes to this phenomenon but it is premature to state such a link
without further studies as CNPase may have other functions. For example, recent studies
show that CNPase interacts with calmodulin in addition to CNPase's more well-known
interaction with microtubules (Myllykoski et al. 2012). Moreover, CNPase's role in the
mitochondria may have significant effects on cell death pathways because intracellular 2,
3’-cAMP may promote mitochondrial permeability transition pore opening (Azarashvili et
al. 2009). Intracellular CNPase is primarily localized to the mitochondria implying an
endogenous mechanism to prevent 2°,3”-cAMP induced apoptosis under normal
physiological conditions. In times of stress with increased formation of 2",3"-cAMP, it may
be essential to export 2°,3"-cCAMP into the extracellular space to prevent toxic intracellular
accumulation. It is our current hypothesis that the 2”,3”-cAMP-adenosine pathway is a
mechanism to rid the cell of a toxic product (2°,3’-cAMP) and in turn transform it to a
protective metabolite (adenosine) (Figure 7).

The data presented here provides additional information on the identity of the enzymes used
by the extracellular 2”,3"-cAMP-adenosine pathway. The determination of the remaining
enzymes is no trivial task. Although CNPase is the only known mammalian PDE known to
possess the ability to form 2”-nucleotides there must be other, less cell-specific PDEs that
can perform this reaction in a less efficient manner. Recent studies have identified several
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bacterial PDEs with the capacity to create 3" and 2”- products but their mammalian
homologs have yet to be examined (Rao et al. 2010). The further elucidation of these PDEs
and nucleotides may lead to new therapeutic targets as PDE inhibitors are emerging as
neuroprotective agents in brain injury. The current studies focus solely on the extracellular
role for 2”,3"-cAMP and its AMP metabolites. Since 2,3"-CAMP is believed to be formed
from RNA degradation (Thompson et al. 1994), which occurs within the cell, examining the
actions, if any, of intracellular 2”,3"-cAMP and its unique metabolites might reveal new
protective or deleterious cell signaling pathways regulated by CNPase. 3’,5"-CAMP acts as a
second messenger and has a wide array of actions intracellularly, none of which have been
examined for potential interaction with the enzymes that regulate the 2”,3"-cAMP-adenosine
pathway. It will also be of use to determine which cell type in the CNS is the predominate
source of 2”,3"-cAMP in times of stress and injury and how precisely it is exported into the
extracellular space.

In summary, data presented here reveal that CNPase is a critically important enzyme in the
2’,3"-cAMP-adenosine pathway and participates in the production of adenosine, a protective
neuromodulator. Future work will seek to identify the remaining PDEs and nucleotidases of
this previously uncharacterized pathway. Our findings also demonstrate that the extracellular
2’,3’-cAMP-adenosine pathway is highly enriched in oligodendrocytes. Since
oligodendrocytes wrap myelinated neurons, CNPase in the myelin sheath is positioned next
to axons, thus likely serving to remove toxic 2”,3"-cAMP and to replace it with adenosine,
which is an axonal protectant (Fern et al. 1994). Thus, the 2”,3”-cAMP-adenosine pathway
may be critical to the long-term health of axons.
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Figurel.
CNPase knockout confirmation and cell type identification. The complete lack of both type 1 (CNP1) and type 2 (CNP2)

isoforms of CNPase was confirmed by Western blot on protein extracts from CNPase +/+ and -/- mouse cortical tissue using an
anti-CNPase antibody. GAPDH is shown as a loading control (A). A neuron specific beta I11-tubulin antibody and a FITC-
conjugated secondary antibody was used to confirm pure cultures of primary mouse neurons (Green, DAPI, blue; Scale bar = 50
microns) (B). An anti-CNPase antibody was used to detect mature mouse oligodendrocyte cultures (Green, DAPI, blue; Scale
bar = 50 microns) (C).
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Figure2.
Bar graphs depict the production of extracellular 2”-AMP (A and B) and 3’-AMP (C and D) from extracellular 2”,3"-cAMP in

oligodendrocytes (A and C) and neurons (B and D) from CNPase +/+ and CNPase -/- mice. “a” indicates significance difference
from corresponding 3 pmol/L concentration of 2”,3"-cAMP; “b” indicates significant difference between genotypes at the same
concentration of 2”,3"-cAMP; and “c” indicates significant difference versus neurons with same concentration of 2",3"-cAMP
and same genotype. Significance is defined as P<0.05. Insert graphs show same data plotted on same scale as A and B. Values
represent means = SEM for 6 experiments.
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Bar graphs depict the production of extracellular adenosine from extracellular 2”,3"-cAMP in oligodendrocytes (A) and neurons
(B) from CNPase +/+ and CNPase -/- mice. “a” indicates significance difference from corresponding 3 umol/L concentration of
2’,3’-cAMP; “b” indicates significant difference between genotypes at the same concentration of 2°,3"-cAMP; and “c” indicates
significant difference versus neurons with same concentration of 2”,3"-cAMP and same genotype. Significance is defined as
P<0.05. Values represent means + SEM for 6 experiments.
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Figure4.
Bar graphs depict the production of extracellular adenosine from extracellular 2”-AMP (A and B) and extracellular 3"-AMP (C

and D) in oligodendrocytes (A and C) and neurons (B and D) from CNPase +/+ and CNPase -/- mice. “a” indicates significance
difference from corresponding 3 umol/L concentration of 2”,3”-cAMP; and “b” indicates significant difference between
genotypes at the same concentration of 2”,3”-cAMP. Significance is defined as P<0.05. Values represent means + SEM for 6
experiments.
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Figure5.
Bar graphs demonstrate the effect of 3-isobutyl-1-methylxanthine (IBMX, 1 mmol/L; broad spectrum phosphodiesterase

inhibitor) and 1,3-dipropyl-8-p-sulfophenylxanthine (DPSPX, 1 mmol/L; ecto-phosphodiesterase inhibitor) on the conversion of
extracellular 2”,3"-cAMP to 2’-AMP and 3’-AMP by CNPase +/+ or CNPase -/- oligodendrocytes (A - D) and neurons (E -H).
“a” indicates significance difference versus No Inhibitor group (same group as in Figure 2). Significance is defined as P<0.05.
Values represent means £ SEM for 6 experiments.
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Bar graphs demonstrate the effect of a.,-methylene-adenosine-5’-diphosphate [AMPCP, 0.1 mmol/L; ecto-5’-nucleotidase
(CD73) inhibitor] on the conversion of extracellular 2"-AMP and 3"-AMP to adenosine by CNPase +/+ or CNPase -/-
oligodendrocytes (A - D) and neurons (E - H). Values represent means + SEM for 6 experiments.
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Figure7.
Our working hypothesis is that axonal injury leads to RNA degradation with subsequent formation of intracellular 2”,3"-cAMP.

Because 2’,3"-cCAMP activates permeability transition pores in mitochondria (Mito.), elevated intracellular 2”,3"-cAMP further
promotes axonal injury. However, transport of 2”,3"-cAMP into the extracellular space (perhaps mediated via multidrug
resistance proteins 4 and 5; MRP4/5) leads to removal of 2”,3"-cAMP from axons. Clearance of extracellular 2”,3"-cAMP via
metabolism to 2”-AMP by oligodendrocytic CNPase would maintain a favorable gradient for efflux of intracellular 2”,3"-cAMP
from axons, thus providing protection by facilitating the removal of an intracellular toxin. Moreover, the production of
adenosine from 2”-AMP would further protect axons from injury. The precise location of CNPase in the oligodendrocyte
responsible for metabolizing extracellular 2”,3"-cAMP is unknown, but could involve intracellular CNPase (via transport of 2,
3’-cAMP into the oligodendrocyte), metabolism by membrane-bound CNPase or metabolism by CNPase shed by
oligodendrocytes. The close proximity of oligodendrocytes and axons would maximize the efficiency of this proposed
mechanism. NT, nucleotidase; PDE, phosphodiesterase.
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