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Abstract

The early release of adenosine following traumatic brain injury (TBI) suppresses seizures and
brain inflammation; thus, it is important to elucidate the cellular sources of adenosine following
injurious stimuli triggered by TBI so that therapeutics for enhancing the early adenosine-release
response can be optimized. Using mass spectrometry with 13C-labelled standards, we investigated
in cultured rat neurons, astrocytes, and microglia the effects of oxygen-glucose deprivation (OGD;
models energy failure), HoO, (produces oxidative stress), and glutamate (induces excitotoxicity)
on intracellular and extracellular levels of 5"-AMP (adenosine precursor), adenosine, and inosine
and hypoxanthine (adenosine metabolites). In neurons, OGD triggered increases in intracellular
5’-AMP (2.8-fold), adenosine (2.6-fold), inosine (2.2-fold), and hypoxanthine (5.3-fold) and
extracellular 5"-AMP (2.2-fold), adenosine (2.4-fold), and hypoxanthine (2.5-fold). In neurons,
H,0, did not affect intracellular or extracellular purines; yet glutamate increased intracellular
adenosing, inosine, and hypoxanthine (1.7-fold, 1.7-fold, and 1.6-fold, respectively) and
extracellular adenosine, inosine, and hypoxanthine (2.9-fold, 2.1-fold, and 1.6-fold respectively).
In astrocytes, neither H,O, nor glutamate affected intracellular or extracellular purines, and OGD
only slightly increased intracellular and extracellular hypoxanthine. Microglia were unresponsive
to OGD and glutamate, but were remarkably responsive to H,O,, which increased intracellular 5’-
AMP (1.6-fold), adenosine (1.6-fold), inosine (2.1-fold), and hypoxanthine (1.6-fold) and
extracellular 5"-AMP (5.9-fold), adenosine (4.0-fold), inosine (4.3-fold), and hypoxanthine (1.9-
fold). Conclusion: Under these particular experimental conditions, cultured neurons are the main
contributors to adenosine production/release in response to OGD and glutamate, whereas cultured
microglia are the main contributors upon oxidative stress. Developing therapeutics that recruit
astrocytes to produce/release adenosine could have beneficial effects in TBI.
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The early release of adenosine following traumatic brain injury (TBI) suppresses seizures and
brain inflammation. Using mass spectrometry we investigated in cultured neurons, astrocytes, and
microglia the effects of oxygen-glucose deprivation (OGD; models energy failure), H,0,
(produces oxidative stress), and glutamate (induces excitotoxicity) on intracellular and
extracellular levels of 5"-AMP (adenosine precursor), adenosine, and inosine and hypoxanthine
(adenosine metabolites). Neurons responded to OGD and excitotoxicity; microglia responded to
oxidative stress; and astrocytes were mostly unresponsive. Developing therapeutics that recruit
astrocytes to produce/release adenosine could have beneficial effects in TBI.
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Introduction

Our previous studies show that traumatic brain injury (TBI) rapidly increases extracellular
adenosine levels in the central nervous system in both animals and humans (Bell et a/ 1998,
Bell et al. 2001, Robertson et al. 2001), and our subsequent experiments support the concept
that this early adenosine-release response activates A receptors to suppress both seizures
and brain inflammation. For example, we noted seizure activity in 83% of male and 100% of
female A1 receptor knockout (A1—/-) mice in the initial 2 hours after controlled cortical
impact injury (an experimental model of TBI), whereas only 33% of male and 25% of
female wildtype (A;+/+) mice experienced seizures (which were brief, i.e., 1 to 2 seconds)
(Kochanek et al. 2006). Moreover, we observed that controlled cortical impact injury
induced sustained (>1 hour) and lethal tonic and clonic activity (i.e., status epilepticus) in
50% of male and 83% of female A;—/— mice, yet did not cause status epilepticus in Aj+/+
mice, regardless of sex. Our follow-up studies showed that early activation of the adenosine-
A1 receptor axis serves as a brake on the microglial response after TBI in mice (Haselkorn et
al. 2010), which suggests a role for the early adenosine-release response for suppressing
brain inflammation. Given the importance of rapid activation of the adenosine-A; receptor
axis in determining outcomes in TBI, it is critical to gain an in-depth understanding of the
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cellular sources of the adenosine produced and released soon after injurious stimuli triggered
by TBI so that therapeutic approaches for enhancing and prolonging the early adenosine-
release response can be optimized.

Although adenosine biosynthesis and physiology has been studied extensively in
synaptosomal preparations (Cunha 2001), at present, investigators have only partially
explored the role of different types of injurious stimuli related to TBI on intact brain cells to
generate adenosine, and the extant published studies have limitations. In this regard, several
studies used mixed cortical cells with undefined cell populations (Lobner & Choi 1994,
Lynch et al. 1998, Lobner 2002), whereas only a few studies used purified neurons
(Parkinson & Xiong 2004, Lu et al. 2003) or astrocytes (Parkinson & Xiong 2004). Also,
most studies examined the effects of injurious stimuli on adenosine only. The most
comprehensive study with respect to the number of adenosine metabolites measured, the
range of injurious stimuli, and the inclusion of both neurons and astrocytes employed the
semi-quantitative method of thin layer chromatography to detect a radiolabeled purine pool
(Parkinson & Xiong 2004).

Given the importance of understanding which brain cells form and release adenosine and
which injurious stimuli are most efficacious in this regard, we set out to improve our
knowledge in this area of inquiry by investigating the effects of injurious stimuli on the
production of 5’-AMP (adenosine precursor), adenosine, and inosine and hypoxanthine
(adenosine metabolites) by specific brain cells. Our working hypothesis was that the
production and release of 5" -AMP, adenosine, and adenosine metabolites depend on both the
specific brain cell type and the specific type of injurious stimulus. In order to separate the
contributions from different types of brain cells, we conducted experiments in highly
enriched primary cultures of neurons, astrocytes, and microglia. We measured both
extracellular and intracellular purines in order to determine to what extent changes in
intracellular levels translated to changes in extracellular levels. Because energy failure
(Kilbaugh et al. 2015), oxidative stress (Sparvero et al. 2010), and excitotoxicity (Ruppel et
al. 2001) are key injurious stimuli triggered by TBI, we examined the effects of oxygen-
glucose deprivation (OGD) to model energy failure, H,O5 to increase oxidative stress, and
glutamate to induce excitotoxicity. Moreover, these experiments were performed using the
most sensitivity and specific analytical technique for measuring purines, i.e., ultra-
performance liquid chromatography-triple quadrupole mass spectrometry (LC-MS/MS) in
which each purine of interest was quantified using selected reaction monitoring with
corresponding heavy-isotope labeled internal standards.

Pregnant Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington,
MA). All procedures involving animals were approved by the Institutional Animal Care and
Use Committee of the University of Pittsburgh and in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
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Neuronal Cultures

Cortical neurons were harvested from E16-E18 Sprague-Dawley rat embryos as previously
described by us (Jackson et al. 2010). Briefly, both male and female embryonic brains were
isolated, trypsinized, triturated, and seeded onto 10-cm poly-D-lysine culture plates (BD
Biosciences, San Jose, CA). Neurons were grown in Neurobasal medium (Life
Technologies, Grand Island, NY) containing B27 supplement, 0.5 mM glutamine, 100 U/ml
of penicillin, and 100 pg/ml streptomycin. Neurons (95% pure) were maintained by one-half
medium exchange three and five days after culture. Experiments were conducted on day in
vitro 6 (DIV 6) for two reasons. First, although isolated embryonic neural cells quickly
acquire adult morphology and functional characteristics in culture (Brewer et al. 1993, Lin et
al. 2002), DIV6 neurons model the young brain (Rebola ef a/. 2005), which is desirable
since TBI occurs frequently in the pediatric population. Second, DIV6 neurons are less
likely to be contaminated by glial proliferation.

Astrocyte Cultures

Astrocytes were harvested using our previously published protocol (Verrier ef al. 2011).
Briefly, brains were isolated from male and female postnatal day 1-2 Sprague-Dawley rat
pups. The tissue was isolated, trypsinized, triturated, and seeded onto 75 cm? tissue culture
flasks. Cells were grown to 90-95% confluence in DMEM/F12/10% fetal bovine serum, and
100 U/ml of penicillin and 100 pg/ml streptomycin. Experiments were conducted in 10-cm
poly-D-lysine culture plates after several propagations to select astrocytes only.

Microglia Cultures

Primary microglial cultures were isolated from postnatal day 1-2 male and female Sprague-
Dawley rat pups using a modification of the method described by Ni and Aschner (Ni &
Aschner 2010). In brief, microglia cultures were harvested following the same protocol used
to harvest astrocytes, except that the resulting brain cell mix was plated onto 225-cm? flasks
(about four to six brains per flask). Cells were plated and grown in DMEM/F12/10% fetal
bovine serum, and 100 U/ml of penicillin and 100 pg/ml of streptomycin. The flasks were
left untouched for the first week following culture, then given complete medium exchange
every two to three days for two weeks. Three weeks after culture, cells were given a
complete medium exchange and flasks were shaken at low speed for eight minutes resulting
in the dissociation of microglia cells from the flask into the media. The media was collected
and centrifuged for 5 minutes at 200 g and 4°C. Microglia were plated onto 35-mm poly-D-
lysine culture plates at a density of 500,000 cells per plate. Experiments were performed one
day after plating to avoid growth of astrocytes.

Validation of Cell-Type Enrichment in Primary CNS Cultures

DIV6 neurons, DIV1 microglia, and confluent monolayer astrocytes were harvested in RIPA
buffer supplemented with EDTA and protease/phosphatase inhibitors. Protein concentrations
were analyzed by the Pierce BCA Protein Assay Kit (ThermoFisher Scientific, Waltham,
MA). Fifteen pg of protein per lane was loaded onto gradient SDS-PAGE gels and processed
for western blotting, as previously described by us (Jackson et a/. 2015b), using markers for
neurons (NeuN rabbit monoclonal antibody, 1:5000, Cell Signaling Technology, Danvers,
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MA; catalogue humber 12943; AB_2630395), astrocytes (GFAP mouse monoclonal
antibody, 1:15,000, Cell Signaling Technology; catalogue number 3670; AB_10694390),
and microglia (Iba-1 rabbit polyclonal antibody, 1:15,000, Proteintech, Rosemont, IL;
catalogue number 10904-1-AP; AB_2224377). Total protein was measured across groups to
control for loading error by treatment with reversible Swift-Membrane Stain (G-
Biosciences, St. Louis, MO) prior to incubation with primary antibodies. We reported that
protein loading controls (e.g. a-tubulin) are unreliable markers of loading error if comparing
multiple CNS cell types on the same blot due to cell-type specific differences in gene
expression at baseline. In contrast, total membrane stain accurately measures equal loading
across wells independent of gene expression differences (Jackson et a/. 2015a). In addition
to validation by western blotting, each cell type was examined by immunofluorescence as
previously described by us (Jackson et al. 2015a) using primary antibodies for microglia
(anti-1ba-1;1:500), astrocytes (anti-GFAP; 1:5000) and neurons (anti-NeuN; 1:200). The
primary antibodies were the same as described for western blotting. The secondary
antibodies were Alexa Fluor 594, Goat Anti-Rabbit (1:500, signal red, ThermoFisher
Scientific; catalogue number A-11037; AB_2534095) and Alexa Fluor 488, Goat Anti-
Mouse (1:500, signal green, ThermoFisher Scientific; catalogue number A-11029;
AB_2534088).

On the day of the experiment, growth medium was aspirated off of the cells and pre-warmed
control media (NaCl, 137 mM; KClI, 5.36 mM; CaCl,, 1.26 mM; MgCl,, 0.49 mM; MgSOy,
0.41 mM; HEPES, 10 mM; KHoPQy, 0.44 mM; NaHCO3, 4.17 mM; NapHPOy, 0.34 mM;
D-glucose, 5 mM; pH 7.4) or pre-warmed injury medium (control media plus 40 uM of
H,0,) was added to the plates (3 ml of medium for 10-cm plate experiments; 1 ml of
medium for 35-mm plate experiments). Plates were then placed in a 37°C/5% CO, incubator
for one hour. After one hour of incubation the control/injury medium (extracellular fraction)
was collected and boiled for 90 seconds (to inactivate enzymes) and then stored at —80°C.
Further processing of the cells for analysis of the intracellular fraction is described below in
“Preparation of Samples for Analysis”. As quantified by Lei and coworkers (Lei ef al. 1997)
using microdialysis probes, the levels of H,O, in brain tissue following ischemia-
reperfusion are elevated for approximately 1 hour with (correcting for probe recoveries)
time-averaged levels of H,O, of approximately 40 to 50 uM. Also, previously we observed
neuronal cell death with 40 uM H,0» (Jackson et al. 2013), and Ma and coworkers reported
that 50 uM H,0, induces oxidative stress in DIV6 cortical neurons (Ma et al. 2014).
Therefore in the current study we selected 40 uM H,O as the best approximation of a
pathophysiological relevant and oxidative stress-inducing level of H,Oo.

Glutamate Injury

On the day of the experiment, growth medium was aspirated off the cells and pre-warmed
control medium (DPBS, Gibco #14287) or pre-warmed injury medium (control media plus
10 uM L-glutamate) was added to the plates (3 ml of medium for 10-cm plate experiments; 1
ml of medium for 35-mm plate experiments). Plates were then placed in a 37°C/5% CO»
incubator for one hour. After one hour of incubation the control/injury medium (extracellular
fraction) was collected and boiled for 90 seconds and then stored at —80°C. Further
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processing of the cells for analysis of the intracellular fraction is described below in
“Preparation of Samples for Analysis”. As quantified by Timofeev and coworkers (Timofeev
et al. 2011) using microdialysis probes, the levels of glutamate in severe brain injury can
achieve 10 pM. Therefore in the current study we chose this concentration of glutamate.

Oxygen-Glucose Deprivation (OGD) Injury

To allow for oxygen equilibration of the media, on the day before experiments, control
medium (DPBS, Gibco #14287) and injury medium (DPBS, Gibco #14040 with 0.327 mM
of sodium pyruvate added and no glucose) were placed in a 37°C/5% CO5 incubator and a
37°C/5% CO,/0.2% O, incubator, respectively. On the day of the experiment, growth
medium was aspirated off of the cells and the equilibrated control medium or injury medium
was added to the plates (3 ml of medium for 10-cm plate experiments; 1 ml of medium for
35-mm plate experiments). Plates were then placed in their respective incubators for one
hour. After one hour incubation the control/injury medium (extracellular fraction) was
collected and boiled for 90 seconds and then stored at —80°C. Further processing of the cells
for analysis of the intracellular fraction is described below in “Preparation of Samples for
Analysis”. We chose 0.2% oxygen with no glucose as the injurious stimuli to mimic brain
ischemia/anoxia in which loss of blood flow denies brain tissue of both oxygen and glucose.

Lactic Acid Dehydrogenase (LDH) Release

LDH was measured in the culture medium one hour after injurious stimuli using the Abcam
LDH Cytotoxicity Kit Il (Abcam, Cambridge, MA; catalogue number ab65393,) with
madifications. In this regard, we obtained lyophylized LDH from EMD Millipore (Billerica,
MA; catalogue number 427217-25KU) and prepared a standard curve in which LDH activity
was linearly regressed against LDH protein concentrations (mg/ml). Form this standard
curve, LDH protein concentrations in experimental samples were interpolated using
GraphPad Prism (GraphPad Software; La Jolla, CA). This approached confirmed that the
assay indeed detected LDH and did so in a linear fashion, and provided an absolute standard
for future comparisons.

Preparation of Samples for Purine Analysis by LC-MS/MS

Purines (5”-AMP, adenosine, inosine, and hypoxanthine) were measured by LC-MS/MS in
both the culture medium (extracellular purines) and in the extracted cells (intracellular
purines). The culture medium was collected and 13C-labeled 5'-AMP, adenosine, inosine,
and hypoxanthine (Medical Isotopes Inc., Pelham, NH) were directly added to the culture
medium. Cell monolayers were extracted by adding a mix of ice-cold
acetonitrile:methanol:water (1:2:2) (1 to 3 ml) immediately after removal of the control/
injury medium. Cells were scraped, collected, sonicated, heated in a 60°C water bath for 10
minutes (to denature enzymes), and stored at —80°C for further processing. Samples were
then thawed and centrifuged at 3000 g for 90 minutes and 4°C to pellet cellular debris. The
supernatant was then transferred to a new tube and the cell pellet was washed with additional
acetonitrile:methanol:water (0.5 to 2 ml) to further extract remaining purines. Samples were
centrifuged again and the supernatant was added to the supernatant from the previous step.
The supernatant containing purines was then taken to dryness and reconstituted in H,O. The
reconstituted sample was passed through a 30-kDa cutoff filter, and heavy isotope internal
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standards were added to the collected H,O. Recovery of purines with this procedure was
quantitative (approximately 96%) as assessed by examining the signal from internal
standards added to samples before or after processing.

Purines in medium and cell extracts were measured as previously described (Jackson et al.
2009) with modifications using LC-MS/MS. Purines were resolved by reversed-phase liquid
chromatography (Waters UPLC BEH C18 column, 1.7 pm beads; 2.1 x 150 mm; Milford,
MA) and assayed using a triple quadrupole mass spectrometer (TSQ Quantum-Ultra;
ThermoFisher Scientific, San Jose, CA) operating in the selected reaction monitoring mode
with a heated electrospray ionization source. The mobile phase consisted of linear gradient
of 1% acetic acid in water (pH, 3; mobile phase A) and 100% methanol (mobile phase B).
The mobile phase flow rate was 300 uL/minute and was delivered with a Waters Acquity
ultra-performance liquid chromatographic system. The gradient (A/B) was: from 0 to 2
minutes, 99.6%/0.4%; from 2 to 3 minutes, to 98.0%/2.0%; from 3 to 4 minutes, to 85.0%/
15.0%; from 4 to 6.5 minutes, to 99.6%/0.4%. Instrument settings were: sample tray
temperature, 10°C; column temperature, 50°C; ion spray voltage, 4.0 kilovolts; ion transfer
tube temperature, 350°C; source vaporization temperature, 320°C; Q2 CID gas, argon at 1.5
mTorr; sheath gas, nitrogen at 60 psi; auxillary gas, nitrogen at 35 psi; Q1/Q3 width, 0.7/0.7
units full-width half-maximum; scan width, 0.6 units; scan time, 0.01 seconds.

Assessment of Basal Energy Charge in Neurons, Astrocytes, and Microglia

We found that mobile phases that provided good chromatographic peak morphologies for
ATP and ADP severely suppressed ionization in the ion source, and mobile phases that did
not suppress ionization gave poor peak shapes for ATP and ADP (i.e., severe tailing).
Therefore, to address the basal cellular energy charges [(ATP+ 1/2ADP)/(ATP+ADP+5’-
AMP)] for neurons, astrocytes, and microglia, we developed a high pressure liquid
chromatography-ultraviolet absorbance (HPLC-UV) assay. In this regard, aliquots of cell
extracts were treated with 1-butanol, and the aqueous phase was collected, dried, and
reconstituted in 0.15 M KH»PO4 (pH 6.2). Analyses of ATP, ADP and 5"-AMP were
performed by HPLC with a C-18 reverse phase column (Agilent Prep-C18 Scalar, 5 pm, 100
x 4.6 mm) protected by a guard cartridge in gradient mode [buffer A: 0.15 M KH,PO,4 (pH
6.2) in water; buffer B: 0.15 M KH,PO4 (pH 6.2) in 15% acetonitrile; linear gradient (%B):
at 0 minutes 3.0%; from 0 to 9 minutes to 9.0%; from 9 to 25 minutes to 100.0%; from 25 to
30 minutes, 100.0%; from 30 to 31 minutes to 3.0%; from 31 to 35 minutes, 3.0%. The flow
rate was 0.8 ml/minute. Adenine nucleotides in the eluate were monitored with diode array
detector at 259 nm. The HPLC system was a HP Agilent Technologies 1100 series HPLC
chromatograph equipped with a diode array detector (model G1315B) and autosampler
(model G1313A).

Statistical Analysis

The total amount of analyte in the medium (extracellular) and total amount of analyte in the
final reconstituted cell extracts (intracellular) were normalized to cell number (ng/108 cells).
The analysis of purines was performed by an analytical chemist who was blinded to the
treatment groups. Each sample (experimental unit) was a separate batch of cells from a batch
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of embryos or pups. Each experimental unit was divided into two paired plates of cells, i.e.,
a control plate of cells and a treated plate of cells (treatments randomly allocated).
Therefore, these data were analyzed with a 2-tailed paired Student’s t-test. Sample size was
selected to detect at least a 25% change induced by the stimulus with a power of >80%. We
also compared the hypoxanthine-to-inosine ratios in neurons versus astrocytes and neurons
versus microglia using a non-parametric Mann-Whitney U test. Statistical and power
analyses were performed using the Number Cruncher Statistical Systems, Kaysville, Utah
(NCSS 2004 for statistical comparisons and PASS 2005 for power analysis). The criterion of
significance was p<0.05. All values in the text and figures are means + SEM.

Validation of Cell-Type Enrichment in Primary CNS Cultures

As illustrated in Figure 1, the neuronal marker NeuN was detected in DIV6 cortical neurons
but was absent in microglia and astrocytes. The astrocyte marker GFAP was absent in
neurons, abundant in astrocytes, and only faintly detected in microglia enriched cultures.
The microglia marker Iba-1 was absent in neurons and astrocytes but abundant in microglia.
The morphology and purity of our cultured neurons, astrocytes, and microglia are illustrated
by the immunofluorescence images shown in Figure 2. These data indicate that cell cultures
used in this study were highly enriched.

Basal Energy Charge of Cultured Neurons, Astrocytes, and Microglia

To assess whether cultured neurons, astrocytes, and microglia were healthy and under
similar energy charge conditions, we measured intracellular levels of ATP, ADP, and 5’-
AMP simultaneously by HPLC-UV and calculated energy charge using the following
equation: [(ATP+ 1/2ADP)/(ATP+ADP+AMP)]. Basal intracellular levels of ATP, ADP and
5"-AMP were (pmoles/10° cells): in neurons (n=4), 5055 *+ 668, 455 + 59, and 40 + 7
pmol/10°% cells, respectively; in astrocytes (n=3), 5121 + 395, 911 + 46, and 224 + 14
respectively; in microglia (n=5), 1686 + 69, 169 £ 9, and 174 + 10 respectively. The
calculated basal energy charges for all three cell types were very high and similar (95.2
+0.1,89.1 £ 0.3, and 87.3 £ 0.2 % for neurons, astrocytes, and microglia, respectively).

Lactic Acid Dehydrogenase (LDH) Release

In the experiments described below we subjected cells to injurious stimuli for only one hour.
As shown in Figure 3, when LDH in the medium was measured immediately after the one-
hour exposure to injurious stimuli, none of the injurious stimuli increased LDH release into
the medium regardless of cell type. These data indicated that cell membranes were intact at
the time of assessing purine production. As a positive control to ensure that our LDH assay
was working properly, we incubated neurons in medium without or with 40 uM H,0O, for 1
hour, then placed the cells in medium not containing H,O,, waited 24 hours and finally
assayed for LDH. In this experiment, neurons treated with 40 uM H,0O, for 1 hour had an
approximate 2.6-fold increase in LDH levels 24 hours after the 1 hour treatment compared
to cells incubated for 24 hours but never treated with H,O, (0.00105 + 0.000007 and
0.002781 £ 0.000143 mg/ml in control versus HoO,-treated cells, respectively). These
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results indicated the LDH assay was functioning properly and that given sufficient time after
short exposure to 40 uM H,0, neurons ultimately demonstrated damage to cell membranes.

Studies in Neurons

In neurons, oxidative stress induced by H,O, (40 uM for one hour) did not affect
significantly extracellular or intracellular levels of 5'-AMP, adenosine, inosine, or
hypoxanthine (Figure 4). However, induction of excitotoxicity with glutamate (10 uM for
one hour) induced a 2.9-fold (p<0.0001), 2.1-fold (p=0.0097), and 1.6-fold (p=0.0845; near
significant) increase, respectively, in extracellular adenosine, inosine, and hypoxanthine.
Also glutamate induced a 1.7-fold (p=0.0325), 1.7-fold (p=0.0124), and 1.6-fold (0.0251)
increase in intracellular adenosine, inosine, and hypoxanthine, respectively (Figure 5). One-
hour with OGD also broadly affected purines in neurons. In this regard, OGD caused a 2.2-
fold (p=0.0151) increase in extracellular 5"-AMP, a 2.4-fold (p=0.0023) increase in
extracellular adenosine, and a 2.5-fold (p=0.0054) increase in extracellular hypoxanthine
(Figure 6). OGD also augmented intracellular 5"-AMP by 2.8-fold (p=0.0033), intracellular
adenosine by 2.6-fold (p=0.0255), intracellular inosine by 2.2-fold (p=0.0224), and
intracellular hypoxanthine by 5.3-fold (p=0.0286) (Figure 6).

Studies in Astrocytes

As in neurons, oxidative stress induced by H,O, did not affect significantly either
extracellular or intracellular levels of 5"-AMP, adenosine, inosine, or hypoxanthine (Figure
7). Although glutamate increased extracellular adenosine, inosine and hypoxanthine in
neurons (Figure 5), in astrocytes glutamate had no significant effect on either extracellular or
intracellular 5"-AMP, adenosine, inosine, or hypoxanthine (Figure 8). In astrocytes OGD did
not affect extracellular or intracellular 5'-AMP, adenosine, or inosine (Figure 9). OGD did,
however, cause a small, but statistically significant, increase in extracellular [1.7-fold
(p=0.0298)] and intracellular [1.4-fold (p=0.0232)] hypoxanthine (Figure 9).

Studies in Microglia

The response of microglia to oxidative stress induced by H,O, (40 uM for one hour) was
strikingly different than that observed for neurons or astrocytes. Whereas H,O, had no
detectable effect on extracellular or intracellular levels of 5"-AMP, adenosine, inosine, or
hypoxanthine in neurons (Figure 4) or astrocytes (Figure 7), in microglia H,O5 increased
extracellular levels of 5"-AMP, adenosine, inosine, and hypoxanthine by 5.9-fold
(p=0.0017), 4.0-fold (p=0.0099), 1.6-fold (p<0.0001), and 1.9-fold (p<0.0001), respectively
(Figure 10). Also, in microglia H,O, increased intracellular levels of 5"-AMP, adenosine,
inosine, and hypoxanthine by 1.6-fold (p=0.0221), 1.6-fold (p=0.0271), 2.1-fold (p=0.0021),
and 1.6-fold (p=0.0217), respectively (Figure 10). Like astrocytes (Figures 8 and 9), but in
contrast to neurons (Figures 5 and 6), neither glutamate (Figure 11) nor OGD (Figure 12)
influenced extracellular or intracellular levels of 5"-AMP, adenosine, inosine, or
hypoxanthine in microglia.
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Hypoxanthine-to-Inosine Ratio

A potentially important difference between neurons versus astrocytes and microglia relates
to the ratio of hypoxanthine to inosine. This ratio appears to be much higher in astrocytes
and microglia compared with neurons. For example, in untreated control cells in the
intracellular compartment this ratio was 0.10 + 0.004 (n=13), 4.16 + 0.61 (n=12), and 3.10
+ 0.29 (n=15) in neurons, astrocytes, and microglia, respectively. In the extracellular
compartment this ratio was 0.12 + 0.008, 12.18 £ 2.70, and 13.97 + 1.42 in neurons,
astrocytes, and microglia, respectively. In all cases the hypoxanthine-to-inosine ratio was
significantly (p<0.0001) greater in astrocytes and microglia compared to neurons.

Discussion

As reviewed by Dale and Frenguelli (Dale & Frenguelli 2009), studies using adenosine
biosensors show that hypoxia and OGD cause rapid and massive increases in extracellular
levels of adenosine in brain tissues. Likewise, TBI rapidly increases brain levels of
extracellular adenosine (Bell et al. 1998, Bell et al. 2001, Robertson et al. 2001), and this
early adenosine-release response activates A; receptors to suppress seizures (Kochanek et al.
2006) and inflammation (Haselkorn et al. 2010). However, a thorough analysis of the
formation of adenosine precursors, adenosine per se, and adenosine metabolites by brain
cells following injury using standard insults is lacking. Accordingly, the main goal of the
present study was to comprehensively investigate, using the most sensitive and specific
analytical technology available (LC-MS/MS), how various injurious stimuli affect the early/
rapid production and release of adenosine in well-defined brain cell types. Because the
question being addressed was how different cell types in their native state respond, with
regard to adenosine production and release, to the same level of the three major stimuli that
are engaged during the early time period subsequent to TBI, we chose not to manipulate the
energy charge or redox potential, either before or during the injurious stimuli. We also chose
not to use different levels of stimuli in different cell types because this design would not
mimic the in vivo situation following acute TBI. This design, we believe, best informs which
cell types are contributing most to the interstitial levels of adenosine following injury and
therefore provides information that can be used to augment the adenosine response.
However, an important caveat is that the properties of primary cultures of cells do not always
reflect the properties and responses in vivo. For example, dendrite abundance may differ and
dendrites are more susceptible to injury than cell bodies (Hasel ef a/. 2015).

In the present study, we selected to expose brain cells to injurious stimuli for one hour. The
decision to use this timeframe was based on three considerations. First, our preliminary
studies showed that none of the treatments caused cell death within the brief exposure of one
hour. Since we were interested in defining purine release from live, not dead cells, it was
critical to use an early time point. Second, the adenosine release response to controlled
cortical impact injury in vivo is rapid, i.e., peaks in less than one hour (Bell et al. 1998).
Third, the anti-epileptic role of the adenosine-A4 receptor axis in TBI is important within the
very early time frame of 1 to 2 hours following injury (Kochanek et al. 2006). Therefore,
selection of the one hour time point allows inferences regarding mechanisms of adenosine
production/release by defined cell types during the critical early adenosine-release response.
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Oxidative stress is a component of the brain’s response to injury (Sparvero et al. 2010) and
releases adenosine in the hippocampus (Almeida et a/. 2003, Broad et al. 2000, Carswell et
al. 1997, Masino et al. 1999). Therefore, it is important to determine the effects of oxidative
stress on purine levels in brain cells. A major finding of our study is that oxidative stress
induced by 40 uM of H,0, has no detectable effect on intracellular or extracellular levels of
5’-AMP, adenosine, or inosine in neurons or astrocytes. Also oxidative stress induced by 40
UM of H,0, does not increase intracellular or extracellular levels of hypoxanthine in
neurons and induces only minor increases in extracellular and intracellular hypoxanthine in
astrocytes. This lack of response is not due to an inadequate concentration of H,O, because
previous studies show that 40-50 uM of H,O» causes neuronal injury (Jackson et al. 2013),
induces oxidative stress (Ma et al. 2014) and represents a reasonable pathophysiological
level of H,O5 (Lei et al. 1997). In contrast to neurons and astrocytes, in microglia oxidative
stress induced by 40 uM of H,0, triggers substantial increases in intracellular and
extracellular levels of 5'-AMP, adenosine, inosine, and hypoxanthine. Although the present
study indicates that pathophysiologically relevant concentrations of H,O, do not induce
adenosine release from neurons, studies in cultured retina cells do show that in the presence
of blockade of adenosine deaminase, high levels of oxidative stress induced by the oxidant
pair ascorbate (3.5 mM) plus Fe2* (0.1 mM) can modestly (1.6-fold) increase adenosine
levels (Agostinho et al. 2000). Since adenosine attenuates microglia activation (Haselkorn et
al. 2010), the microglia adenosine response to oxidative stress would prevent microglia over-
activation, thus attenuating microglia-induced neuronal damage.

The excitotoxic amino acid glutamate is also causative of poor outcomes in brain injury
(Ruppel et al. 2001). Here, we found that in neurons induction of excitotoxicity with
glutamate broadly affected purines with significant increases in intracellular and
extracellular adenosine, inosine, and hypoxanthine. This is consistent with the correlation
between cerebrospinal fluid levels of glutamate and adenosine in patients with TBI and
suggests that adenosine protects against glutamate-induced injury, as suggested by others
(Lauro et al. 2010, Ferreira & Paes-de-Carvalho 2001, Stone 2002). Although glutamate
increased intracellular and extracellular adenosine, inosine, and hypoxanthine in neurons, in
astrocytes and microglia glutamate had no detectable effect on either extracellular or
intracellular purines. Therefore, to the extent that adenosine protects against excitotoxic-
mediated brain injury, it is primarily neurons, rather than astrocytes or microglia, that
directly provide this neuroprotective purine. Of course, our experiments were performed in
neurons that model the newborn and pediatric brain and results in neurons from adult brain
could vary.

A major cause of brain cell death is collapse of energy production (Kilbaugh et al. 2015).
Extracellular adenosine is increased by energy deficiency because accumulation of 5" -AMP
as ATP is utilized but not synthesized. Glucose deprivation reduces the rate of glycolysis and
thereby decreases the input of pyruvate into the Krebs cycle, although other substrates may
still contribute. Oxidative phosphorylation in the mitochondria is dependent on the free
energy released by the electron transport chain, which in turn requires oxygen as the final
electron acceptor. O, deprivation thus deprives mitochondria of the terminal electron
acceptor and therefore inhibits oxidative phosphorylation. In addition, hypoxia, by
increasing levels of HIF1-a, transcriptionally upregulates CD39 (metabolizes ATP to ADP
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and ADP to 5”-AMP), upregulates CD73 (metabolizes 5"-AMP to adenosine),
downregulates expression of equilibrative nucleoside transporters, and downregulates
adenosine kinase (converts adenosine to 5'-AMP) (Eltzschig 2013, Eltzschig et al. 2005,
Eltzschig & Carmeliet 2011, Eltzschig ef al. 2012, Grenz et al. 2011, Grenz et al. 20074,
Grenz et al. 2007b). Moreover, recent studies in PC12 cells demonstrate that within one hour
OGD engages translational responses (independent of HIF1-a signaling) affecting 3000
genes (Andreev et al. 2015). For these reasons, OGD should stimulate adenosine production
by brain cells. Indeed, in the present study we observed that in neurons OGD caused a robust
increase in intracellular and extracellular levels of 5"-AMP, adenosine, inosine, and
hypoxanthine. Surprisingly, unlike neurons, OGD had little effect on purines in astrocytes
and no detectable effect on purines in microglia. These results support the importance of
dysfunctional bioenergetics in neurons as the major source of adenosine following brain
injury.

Whether astrocytes release adenosine in response to oxygen deprivation is controversial. For
example, two studies using thin layer chromatography of released tritium-labeled adenine
nucleotides came to contradictory conclusions (Chu et al. 2014, Parkinson et al. 2002). Also
Parkinson and Xiong (Parkinson & Xiong 2004) reported that ATP levels (measured by
luciferase assay) are not affected by OGD in astrocytes, whereas in neurons ATP levels are
reduced, despite both cells being able to elevate extracellular levels of adenosine (measure
by thin layer chromatography of released tritium-labeled adenine nucleotides). Moreover,
two studies using high-performance liquid chromatography with ultraviolet absorbance
detection also arrived at contradictory conclusions (Kulik ef al. 2010, Fujita et al. 2012).
Another study reported the release of adenosine by hypoxia (Martin et al. 2007); however,
adenosine was measured using the indirect method of oxidation of luminol by H,O»
produced by the sequential metabolism of adenosine, inosine, hypoxanthine, and xanthine to
uric acid. To our knowledge, the present study is the first to address this controversy using
the method of LC-MS/MS with 13C-labeled internal standards. We were able to detect only a
small increase in intracellular and extracellular hypoxanthine, but no significant changes in
intracellular or extracellular 5'-AMP, adenosine, or inosine. Thus our results suggest that
any contribution of astrocytes to OGD-induced extracellular adenosine is quantitatively
small in comparison to the contribution by neurons. Because of the quantity of astrocytes in
brain, developing approaches such as drugs or biologics that recruit astrocytes to release
adenosine could have beneficial effects in brain injury. Indeed, Boison and colleagues
provide compelling evidence that knocking out adenosine kinase in astroctyes can protect
against seizures (Theofilas et al. 2011).

The present study demonstrates that the extracellular and intracellular hypoxanthine-to-
inosine ratios in astrocytes and microglia are much greater compared to the corresponding
ratios in neurons. For example, this ratio is 100-fold greater in the intracellular compartment
of astrocytes and microglia compared with the intracellular compartment of neurons.
Inasmuch as hypoxanthine is a source of reactive oxygen species (Baldus et a/. 2006) and
purine nucleoside phosphorylase metabolizes inosine to hypoxanthine (Bzowska et al.
2000), these results imply that a purine nucleoside phosphorylase inhibitor might be
neuroprotective. The role of astrocyte-derived and microglia-derived hypoxanthine in brain
injury merits further investigation.
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In the present study, in neurons OGD increased extracellular adenosine levels by
approximately 3-fold, a finding highly consistent with reports by other investigators (Lobner
& Choi 1994, Parkinson & Xiong 2004). In contrast, in rat hippocampal slices in vitro, acute
OGD increases extracellular adenosine levels in the order of 100-fold (Dale & Frenguelli
2009). Similarly, we find that experimental TBI in rats (Bell et al. 1998) and mice (Verrier et
al. 2012) acutely increases extracellular adenosine (as measured by brain microdialysis) by
similar orders of magnitude as reported by Dale and Frenguelli (Dale & Frenguelli 2009).
Why injury causes fold increases in extracellular adenosine that are much greater in brain
tissue compared to neurons in culture is unclear. One possibility is that in intact brain tissue
injurious stimuli release other intermediary factors not present in cell culture that strongly
affect adenosine production (for example catecholamines (Dale & Frenguelli 2009)). Other
important variables are the ratio of cell mass to extracellular fluid volume and the existence
of diffusion barriers. In tightly organized brain tissue the limited extracellular fluid volume
coupled with diffusion barriers would allow rapid adenosine release to spike local adenosine
levels. In contrast, in cell monolayers the extracellular fluid volume is large (i.e.,
corresponds to whatever volume of culture medium is placed onto the monolayers) and there
is no diffusion barrier between the released adenosine and the large volume of culture
medium. Therefore, a large volume of culture medium above the monolayers would act as a
buffer to prevent concentration spikes following rapid release of adenosine.

As reviewed by Cunha, the roles and mechanisms of adenosine as a neuromodulator are
complex and incompletely understood (Cunha 2001). With regard to neuroprotection and
neurodegeneration the early and rapid release of adenosine to activate the adenosine-A;
receptor axis appears to be beneficial, whereas the long-term activation of the adenosine-
Ao receptor axis may be detrimental (Gomes et a/. 2011, Cunha 2016). The goal of the
present study was to focus on the early/rapid release of adenosine in microglia, astrocytes
and neurons by three of the major injurious stimuli that are engaged in the acute phase of
TBI. In this regard, we find that the release of adenosine by pathophysiologically relevant
levels of oxidative stress is mediated mostly by microglia. For all intents and purposes, the
release of adenosine in response to OGD and excitotoxicity is mediate by neurons. Because
astrocytes are numerous yet appear to contribute only modestly to the early/rapid release of
adenosine, developing approaches that promote astrocytes to release, rather than metabolize,
adenosine could have beneficial effects in TBI. Indeed, the ability of fluoroacetate (inhibitor
of the Krebs cycle) to increase adenosine release by astrocytes (Canals et a/. 2008) indicates
that astrocytes have the ability to make and release adenosine in response to a suitable
pharmacological challenge. The results of the present study reinforce the conclusion by
several teams of investigators (Martin et al. 2007, Choo et al. 2013, Van Dycke et al. 2010)
that manipulating the purinergic system in astrocytes may be neuroprotective.
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Figure 1.
Western blots (A) show chemiluminescent signals obtained when protein extracts from

neurons, astrocytes, and microglia where processed using primary antibodies against NeuN
(neuronal marker), GFAP (astrocyte marker), or Iba-1 (microglia marker). The neuronal
marker NeuN was detected in DIV6 cortical neurons but was absent in microglia and
astrocytes. The astrocyte marker GFAP was absent in neurons, abundant in astrocytes, and
only faintly detected in microglia enriched cultures. The microglia marker Iba-1 was absent
in neurons and astrocytes but abundant in microglia. Total protein was measured across
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groups to control for loading error by treatment with reversible Swift-Membrane Stain (G-
Biosciences, St. Louis, MO) prior to incubation with primary antibodies. Total protein
loading was similar across all lanes (densitometry results: 2003744, 1921877, 2034817,
1777530, 1873519, 2082085, 1767081, 1594624, 1516022 for lanes left to right,
respectively). These data indicate that the cell cultures used in this study were highly
enriched.
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Figure 2.
In addition to validation by western blotting, each cell type was examined by

immunofluorescence as previously described by us (Jackson et al. 2015a) using primary
antibodies for microglia (rabbit polyclonal anti-1ba-1), astrocytes (mouse monoclonal anti-
GFAP), and neurons (rabbit monoclonal anti-NeuN). The primary antibody used (along with
the cell type that this antibody detects) is listed above each panel. For panels A, C, D, F, G,
and I the secondary antibody was Alexa Fluor 594, goat anti-rabbit (signal red). For panels
B, E, and H the secondary antibody was Alexa Fluor 488, goat anti-mouse (signal green).
Thus, the signal for microglia in panels A, D, and G is red; the signal for astrocytes in panels
B, E, and H is green; and the signal for neurons in panels C, F, and I is red. Microglia (A)
cultures contained many Iba-1 positive cells; whereas Iba-1 positive cells in neuron (B) and
astrocyte (C) cultures were infrequent. Astrocyte (H) cultures showed many GFAP positive
cells; whereas microglia (B) and neuron (E) cultures did not. Neuron (F) cultures
demonstrated many NeuN positive cells; whereas microglia (C) and astrocyte (1) cultures did
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not. Enlarged images of Iba-1 positive microglia, NeuN positive neurons, and GFAP positive
astrocytes are shown in the far right column. These data confirm that cell cultures used in
this study were highly enriched.
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Figure 3.

Bar graphs illustrate the amount of lactic acid dehydrogenase (LDH) in the medium of
neurons (A-C), astrocytes (D—F) and microglia (G-I) treated without or with HoO5 (40 uM;
A, D, G), glutamate (10 uM; B, E, H) or OGD (C, F, 1). None of the injurious stimuli
increased LDH release compared with untreated cells.
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Bar graphs depict the effects of H,O» (40 uM) for one hour on extracellular levels of 5-
AMP (A), adenosine (C), inosine (E), and hypoxanthine (G) and intracellular levels of 5’-
AMP (B), adenosine (D), inosine (F), and hypoxanthine (H) in neurons. Values represent

mean = SEM.
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Bar graphs depict the effects of glutamate (10 pM) for one hour on extracellular levels of 5”-
AMP (A), adenosine (C), inosine (E), and hypoxanthine (G) and intracellular levels of 5’-
AMP (B), adenosine (D), inosine (F), and hypoxanthine (H) in neurons. Values represent
mean = SEM.
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Figure 6.

Bar graphs depict the effects of oxygen and glucose deprivation (OGD; 0.2% oxygen with
zero glucose) for one hour on extracellular levels of 5"-AMP (A), adenosine (C), inosine
(E), and hypoxanthine (G) and intracellular levels of 5"-AMP (B), adenosine (D), inosine
(F), and hypoxanthine (H) in neurons. Values represent mean + SEM.
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Figure 7.
Bar graphs depict the effects of H,O, (40 uM) for one hour on extracellular levels of 5-

AMP (A), adenosine (C), inosine (E), and hypoxanthine (G) and intracellular levels of 5’-
AMP (B), adenosine (D), inosine (F), and hypoxanthine (H) in astrocytes. Values represent
mean + SEM.
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Bar graphs depict the effects of glutamate (10 uM) for one

Control Glutamate

hour on extracellular levels of 5'-

AMP (A), adenosine (C), inosine (E), and hypoxanthine (G) and intracellular levels of 5’-
AMP (B), adenosine (D), inosine (F), and hypoxanthine (H) in astrocytes. Values represent

mean = SEM.
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Bar graphs depict the effects of oxygen and glucose deprivation (OGD; 0.2% oxygen with
zero glucose) for one hour on extracellular levels of 5"-AMP (A), adenosine (C), inosine
(E), and hypoxanthine (G) and intracellular levels of 5"-AMP (B), adenosine (D), inosine
(F), and hypoxanthine (H) in astrocytes. Values represent mean + SEM.
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Figure 10.
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Page 29

Bar graphs depict the effects of H,0, (40 uM) for one hour on extracellular levels of 5'-
AMP (A), adenosine (C), inosine (E), and hypoxanthine (G) and intracellular levels of 5’-
AMP (B), adenosine (D), inosine (F), and hypoxanthine (H) in microglia. Values represent

mean = SEM.
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Figure 11.
Bar graphs depict the effects of glutamate (10 pM) for one hour on extracellular levels of 5”-

AMP (A), adenosine (C), inosine (E), and hypoxanthine (G) and intracellular levels of 5’-
AMP (B), adenosine (D), inosine (F), and hypoxanthine (H) in microglia. Values represent
mean = SEM.
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Figure 12.
Bar graphs depict the effects of oxygen and glucose deprivation (OGD; 0.2% oxygen with

zero glucose) for one hour on extracellular levels of 5'-AMP (A), adenosine (C), inosine
(E), and hypoxanthine (G) and intracellular levels of 5"-AMP (B), adenosine (D), inosine
(F), and hypoxanthine (H) in microglia. Values represent mean + SEM.
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