1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Exp Neurol. Author manuscript; available in PMC 2017 March 23.

-, HHS Public Access
«

Published in final edited form as:
Exp Neurol. 2015 May ; 267: 115-122. doi:10.1016/j.expneurol.2015.03.004.

Suppression of adenosine 2a receptor (A,,R)-mediated
adenosine signaling improves disease phenotypes in a mouse
model of amyotrophic lateral sclerosis

Seng kah Ng?, Haruki Higashimori®, Michaela Tolman&P, and Yongjie Yang2b*
aDepartment of Neuroscience, Tufts University School of Medicine, 136 Harrison Ave, Boston, MA
02111, USA

bNeuroscience Program, Tufts Sackler School of Graduate Biomedical Sciences, 136 Harrison
Ave, Boston, MA 02111, USA

Abstract

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disease in which
the majority of upper and lower motor neurons are degenerated. Despite intensive efforts to
identify drug targets and develop neuroprotective strategies, effective therapeutics for ALS
remains unavailable. The identification and characterization of novel targets and pathways remain
crucial in the development of ALS therapeutics. Adenosine is a major neuromodulator that
actively regulates synaptic transmission. Interestingly, adenosine levels are significantly elevated
in the cerebrospinal fluid (CSF) of progressing human ALS patients. In the current study, we
showed that adenosine 2a receptor (A,R), but not adenosine 1 receptor (A1R), is highly enriched
in spinal (motor) neurons. A,R expression is also selectively increased at the symptomatic onset
in the spinal cords of SOD1G93A mice and end-stage human ALS spinal cords. Interestingly, we
found that direct adenosine treatment is sufficient to induce embryonic stem cell-derived motor
neuron (ESMN) cell death in cultures. Subsequent pharmacological inhibition and partial genetic
ablation of AR (A,R*'") significantly protect ESMN from SOD1G93A* astrocyte-induced cell
death and delay disease progression of SOD1G93A mice. Taken together, our results provide
compelling novel evidence that A,;R-mediated adenosine signaling contributes to the selective
spinal motor neuron degeneration observed in the SOD1G93A mouse model of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressing neurodegenerative disease in
which the majority of upper and lower motor neurons are degenerated. Although the exact
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cause of the majority of sporadic ALS remains unknown, the identification of genetic
mutations in superoxide dismutase 1 (SOD1) (Rosen et al., 1993), TAR DNA-binding
protein (TDP 43) (Neumann et al., 2006), the open reading frame 72 on chromosome 9
(C90RF72) (DeJesus-Hernandez et al., 2011; Renton et al., 2011), and several other genes
have provided critical insights about the possible pathogenic mechanisms of ALS (Renton et
al., 2014). In particular, SOD1 mouse models that faithfully recapitulate characteristic
human clinical symptoms remain the most widely used /in vivo model of ALS (Bruijn et al.,
1998; Gurney et al., 1994). By employing these models, previous studies have characterized
multiple pathways that contribute to motor neuron cell death, including glutamate
excitotoxicity, abnormal protein aggregation, oxidative stress, and deficit in axon transport
(llieva et al., 2009). Importantly, both intrinsic (from motor neurons) and extrinsic (from
surrounding non-neuronal glial cells) pathways are implicated in motor neuron cell death in
ALS (Boillee et al., 2006; Clement et al., 2003; Kang et al., 2013; Yamanaka et al., 2008).

Adenosine is a major neuromodulator that actively regulates synaptic transmission through
the activation of its high affinity receptors (mainly adenosine receptors 1 and 2A, A1R and
Ay;R) (Brundege and Dunwiddie, 1997). Consequently, adenosine signaling plays important
roles in many physiological and pathological conditions. Extracellular adenosine is mainly
derived from the rapid hydrolysis of ATP, presumably released from both neurons and non-
neuronal glial cells (Blutstein and Haydon, 2013; Latini and Pedata, 2001). Although pre-
and post-synaptic activation of AR leads to inhibitory neuromodulation and generally
neuroprotective effects (Lupica et al., 1992; Trussell and Jackson, 1985), activation of Ay;R
increases neuronal excitability (Burnstock, 1997). Adenosine signaling plays important roles
in many physiological and pathological conditions, including sleep and arousal, nociception,
seizure susceptibility, drug addiction, and neurodegeneration (Armentero et al., 2011;
Boison et al., 2010; Halassa et al., 2009; Nam et al., 2013; Sawynok, 1998). Interestingly,
genetic deletion of AR in Ay,R™/~ (knock-out) mice significantly attenuates the volume of
cerebral infarction and associated neurological deficits in a focal transient ischemia model
(Chen et al., 1999), suggesting a potentially neurotoxic effect of AR activation. /n vitro
pharmacological inhibition of Ay4R also significantly protects motor neurons from
excitatory insult-induced cell death (Mojsilovic-Petrovic et al., 2006). Moreover, selective
inhibition of Ay4R activation prevents loss of nigral dopaminergic neurons induced by
neurotoxin exposure and potentiates striatal dopamine transmission (Armentero et al., 2011).

We have previously observed elevated release of ATP from cultured SOD1G93A astrocytes
that is inhibited by dnSNARE expression (Kawamata et al., 2014). Adenosine levels are also
significantly elevated in the cerebrospinal fluid (CSF) of progressing human ALS patients
(Yoshida et al., 1999). Here we investigated the role of A,;R-mediated adenosine signaling
in motor neuron cell death and ALS-related motor phenotypes using both /n vitroand in
vivo models with complementary genetic and pharmacological approaches.

Materials and methods

Animals and drug treatment

Transgenic SOD1G93A* (#002726), Ay4R (#010685, C129 strain) knock-out () and F1
hybrid wild-type (#100012) mice were obtained from the Jackson Laboratory (Bar Harbor,

Exp Neurol. Author manuscript; available in PMC 2017 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ng et al.

Page 3

ME). This SOD1G93A mouse strain is in the mixed B6SJL background with high copy
numbers of SOD1G93A transgene. For each established colony, only 5-6 generations of
breeding were performed to maintain high copy numbers of SOD1G93A transgene.
SOD1G93A mice were bred to F1 hybrid mice to maintain the colony, as suggested by the
Jackson labs. The SOD1G93A™ and A,,R™~ mice were bred to generate
A,R*~SOD1G93A* mice and subsequently littermates Ay,R*"SOD1G93A*, Ay,R™~
SOD1G93A*, and A,,R**SOD1G93A* mice. Both male and female mice were used in all
experiments. Mice were housed in humidity-, temperature- and light-controlled environment
and provided with food and water ad /ibitum in accordance with the procedures of the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and the
Guidelines for the Use of Animals in Neuroscience Research and were approved by the
Animal Care and Use Committee of Tufts University. For /n vivo KW6002 administration,
sterile KW6002 (3 mg/kg, permeable to the blood—brain barrier) or PBS (sham control) was
administered to SOD1G93A mice starting at P90-95 by daily intraperitoneal injection (i.p.).

Primary astrocyte cultures

Cortices were dissected, and the meninges were removed from the cortices under the
dissecting microscope. The tissue was then minced with a razor blade and trypsinized
(0.05% trypsin; Sigma-Aldrich) for 10 min in a 37 °C water bath and then dissociated gently
by trituration with a fire-polished Pasteur pipette. Dissociated cells were filtered through a
70 um strainer to collect the clear astrocyte cell suspension. For setting up astrocyte and
motor neuron co-cultures, 50,000 astrocytes per well were directly seeded on eight-well
culture slides (BD Biosciences).

Differentiation and purification of motor neurons from mouse ES cells

Mouse ES cells (a kind gift from Dr. Kevin Eggan, Harvard University, Cambridge, MA)
were derived from Hb9-driven eGFP transgenic mice. ES cells were grown on top of mouse
embryonic fibroblasts to 70-80% confluence in ES cell medium (knock-out DMEM, 10%
fetal calf serum, 5% knock-out serum, 1% Glutamax, 1% nonessential amino acids, 1%
penicillin/streptomycin, 0.14% 2-mercaptoethanol, and 1000 U of leukemia inhibitory
factor). ES cells were then dissociated to induce the formation of embryoid bodies (EBs) in
EB medium (DMEM/F-12, 10% knock-out serum, 1% Glutamax, 1% penicillin/
streptomycin, and 0.1% 2-mercaptoethanol). To differentiate EBs into motor neurons,
retinoic acid (final concentration of 0.1 uM) and smoothened agonist (final concentration of
1 uM) were added into the medium for 5 d. Differentiated motor neurons were further
purified through fluorescence-activated cell sorting based on the eGFP fluorescence, driven
by Hb9 promoter activation during differentiation. Purified eGFP* motor neurons were
plated on a confluent astrocyte layer (35,000 per well) or directly (50,000 per well) on poly-
D-lysine-coated eight-well culture slides (BD Biosciences) in motor neuron culture medium
(DMEM/F-12, 5% horse serum, 1% Glutamax, 2% B27, 1% N-2 supplement, 1% penicillin/
streptomycin, 10 ng/ml GDNF, 10 ng/ml CNTF, and 10 ng/ml BDNF). Half of the motor
neuron medium was replaced with fresh medium supplemented with growth factors every
day. Fresh medium was replenished with adenosine (final conc.: 300 nM or 1 uM), A1R
antagonist DPCPX (final conc.: 50 or 200 nM, Tocris Bioscience), or ApaR antagonist
KW6002 (final conc.: 1 or 10 uM, Axon Medchem Reston, VA) for up to 21 d.
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Determination of disease onset and end stage

Early disease onset in mice was determined by the loss of 10% forelimb grip strength from
its baseline value. Briefly, the forelimb grip strength of an individual mouse was measured
once a week starting at postnatal day 60 (P60) (for Ap,R*'"SOD1G93A*, Ay,R™/~
SOD1G93A*, and A»,R**SOD1G93A* mice) or every 4 d starting at P90 (for KW6002
administration), using the grip-strength meter (model 1027 DSM; Columbus Instruments).
We first calculated the average of three peak grip-strength values as the baseline for forelimb
grip strength for each mouse. We then assessed the 10% decreased value based on the
baseline and determine the age at which the grip strength equals a 10% decrease of baseline
value. The weight was measured along with the grip strength. Late disease onset was
determined by the loss of 10% weight. Disease end stage was determined by a delayed (30 s)
righting reflex. We started to analyze the righting reflex at P100. Both the measurement of
grip strength and weight was performed in a complete blind manner.

Immunoblot

Freshly dissected (mouse) or frozen (human) spinal cord ventral horns were homogenized in
lysis buffer (Tris=HCI 20 mm, NaCl 140 mm, EDTA 1 mm, SDS 0.1%, Triton 1% and
glycerol 10%). 50 pg of total cell lysate was loaded into 4-15% gradient SDS-PAGE gels.
Separated proteins were transferred onto a PVDF membrane (Bio-Rad) for 1 h. The
membrane was blocked with 3% BSA in TBST (Tris buffer saline with 0.1% Tween 20) then
incubated with a specific primary antibody overnight at 4 °C. On the following day, the
membrane was incubated with HRP-conjugated secondary antibody (1:5000) diluted in
TBST. Bands were visualized on CL-XPosure™ film (Thermo Scientific) by ECL Plus
chemiluminescent substrate (Thermo Scientific). The following antibodies were used on the
immunoblots: anti-A;R (1:300, Abcam), anti-A,,R (1:2500, Millipore), anti-lba 1 (1:1000,
Wako), anti-B-actin (1:3000, Sigma), and anti-GFAP (1:30,000, Dako).

Immunohistochemistry

ESMNSs that are co-cultured with WT astrocytes for 3 d were washed three times with PBS
and fixed in 4% PFA for 30 min. Cells were then washed three times with PBS and
incubated with blocking solution (0.2% Triton X-100, 5% goat serum, and 1% BSA) for 30
min, followed by overnight incubation with the primary antibodies Ay,R (1:200, Millipore)
at 4 °C. After overnight incubation, cells were washed three times with PBS, and the
immunostaining signal was detected with an Alexa Fluor-555-conjugated secondary
antibody (1:2000, Jackson ImmunoResearch). Confocal images were captured with a Nikon
AI1R confocal microscope using NIS-elements software under a 20x lens (Nikon
Instruments).

TRAP mRNA extraction and QRT-PCR

Ribosomal bound translating mRNAs from spinal cord astrocytes were specifically extracted
using immunoprecipitation of BAC ALDH1L1 TRAP transgenic mouse spinal cords, as
previously described (Doyle et al., 2008; Higashimori et al., 2013). Briefly, the anti-eGFP
antibody (HtzGFP-19C8) was coupled to magnetic beads (Dynabeads, Invitrogen) as
described in the kit instructions. Spinal cord supernatant was prepared and mixed with eGFP
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antibody-coupled beads for immunoprecipitation. Following immunoprecipitation, RNA was
isolated using the Trizol reagent and precipitated with isopropanol. The total RNA from the
cortex was prepared using the Trizol reagent. RNA was then converted to cDNA using a
high archive cDNA synthesis kit (Applied Biosystems, Foster city, CA). The relative
abundance of A1R and A,,R transcripts was assessed using SYBR-Green (Life
Technologies) and custom made primers (A4R, F: 5"GCCATCCCATTCGCCATCA3', R:
5'GCAATAGCCAAGAGGCTGAAGA3'; AR, F: 5" TGTGCCCGGAAATGTACTGG3’,
R: 5’ TCTGTGGCCCAATGTTGATAAG3"). B-Actin was used as an endogenous control for
the normalization of RNA quantity.

Measurement of forelimb grip strength

The forelimb grip strength was measured as described previously (Kawamata et al., 2014;
Yamanaka et al., 2008). Grip strength was assessed using a grip-strength meter (model 1027
DSM; Columbus Instruments). We decide to focus on forelimb grip strength, as it gives
consistent readout (Yamanaka et al., 2008), while the hindlimb measurement is subject to
high variability. Measurements of grip strength and animal weight usually start at P60. The
baseline grip strength was calculated as the average of three peak grip strength values. There
is an initial training period for the animals just before the first measurement on the same day.
Animals were not trained to perform the grip strength task prior to P60.

Statistical analysis

Results

Student’s t-test or one-way ANOVA, followed by Bonferroni’s test, were mainly used to
determine statistical significance. The linear mixed-effects model was used to calculate the
significance for all longitudinal forelimb grip strength changes. The Log-Rank analysis was
used to determine the significance for Kaplan—Meier curves. P < 0.05 was considered to be
statistically significant. Results were presented as mean + S.E.M., unless otherwise stated.

AR is highly enriched in spinal motor neurons and exhibits selectively increased
expression in ALS

Previous studies found that AR is ubiquitously expressed across different CNS regions,
while the AygR is highly enriched in the striatum (Morelli et al., 2010). Although early
receptor binding assays suggest that adenosine receptors are expressed in the spinal cord
(Choca et al., 1987), the relative expression levels of each adenosine receptor in the spinal
cord, especially on motor neurons, remain unclear. We determined the relative expression
levels of the ApzR in different CNS regions by immunoblot. The murine Ay,R is primarily
present (N80% immunoreactivity) in a dimer conformation on our immunoblot (~85 KDa),
consistent with previous observation (Bairam et al., 2009). As shown in Fig. 1A, Ay;R is
highly and selectively enriched in the spinal cord compared to other CNS regions examined.
In contrast, A1R expression (primarily in the monomer conformation in immunoblot) in the
spinal cord is significantly lower than that in other examined regions (Fig. 1B). We further
attempted to determine the relative expression of A{R and Ap,R in motor neurons and
astroglia in spinal cord sections using immunostaining. Although we tried a few different
antibodies with optimized immunostaining procedures, the A,;R immunostaining signals are
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not specific with these antibodies and procedures. Alternatively, we employed the
translational ribosome affinity purification (TRAP) approach (Doyle et al., 2008) to
selectively isolate ribosome bound translating mRNA from spinal cord astrocytes of BAC
ALDHI1L1 TRAP transgenic mice. The expression of eGFP-tagged ribosome subunit allows
pull-down of assembled ribosomes and associated mMRNAS during active translations in the
cell. Selective activation of the ALDH1L1 promoter in astrocytes has been previously
characterized (Cahoy et al., 2008; Yang et al., 2011), and we have previously validated the
specificity of TRAP-isolated astrocyte MRNAs (Higashimori et al., 2013). As shown in Fig.
1C, we found that the astroglial AR translating mRNA is significantly higher than total
spinal cord A;R mRNA levels, while the astroglial AR translating mRNA is significantly
lower than spinal A,;R mMRNA levels. As equal numbers of neurons and glial cells are
generally observed in the mammalian central nervous system (CNS) (Azevedo et al., 2009),
our results suggest that Ay4R is enriched in non-astroglial cells in the spinal cord, including
motor neurons. Although the A,,R antibody gives no specific and clear immunostaining on
spinal cord sections, the AzR immunostaining on cultured ESMNs found clear, specific
AR immunoreactivity on ESMNs (Fig. 1D), consistent with previous observations that
AR is found in spinal cord primary motor neurons (Mojsilovic-Petrovic et al., 2006).

To determine whether A; and AR expression is pathologically altered in ALS, we
examined their expression in the spinal cords of SOD1G93A mice. As the end-stage tissues
usually show the consequence of many pathological changes that may not reflect the initial
pathogenic mechanisms, we focused on the symptomatic onset period (P100-110).
Interestingly, A,;R expression in SOD1G93A spinal cords is increased 3 fold compared to
that in wild type mice (Figs. 2A-B), while no significant changes of A1R expression were
found (Figs. 2C-D). To determine whether the changes of Ay;R in SOD1G93A mice is
relevant to human ALS pathology, we obtained post-mortem human ALS spinal cord tissues
(University of Maryland brain and tissue bank, Baltimore, MD, summarized in Table 1) and
examined the expression of AjR and ApzR. The human AR is primarily present as a
monomer (N90% immunoreactivity) on immunoblots (Fig. 2E). The discrepancy in the
dominant conformation of human and mouse Ay4R on immunoblot may simply reflect the
protein sequence difference of human Ay,R from the mouse ApzR. Despite the variability,
we observed a clear trend of up-regulation of Ay;R in majority of human ALS spinal cords
examined (Figs. 2E, G), while the AR levels are not significantly altered (Fig. 2F).
Consistently, up-regulation of Ay,R has also been previously observed in lymphocytes of
human ALS patients (Vincenzi et al., 2013).

ArsR-mediated adenosine signaling induces motor neuron cell death

We have previously observed elevated release of ATP from SOD1G93A astrocyte cultures
(Kawamata et al., 2014). As extracellular ATP is often rapidly hydrolyzed into adenosine,
we decided to investigate whether adenosine signaling is involved in SOD1G93A™ astrocyte-
mediated motor neuron cell death /7 vitro. Daily treatment with an Ay4R selective antagonist
KW6002 (1-10 uM) significantly (P < 0.05) and consistently increases survival of motor
neurons (from 24% =+ 3% to 41% * 2%) co-cultured with SOD1G93A* astrocytes (Figs. 3A,
C). Additionally, ESMNs in co-cultures treated with KW6002 have more observable neurites
(revealed by pllI-tubulin staining) and larger cell bodies (Figs. 3A-B), further indicating that
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these motor neurons maintain healthier structural integrity. The treatment of a selective A;R
antagonist 1,3-dipropyl-8-cyclopentylxanthine (DPCPX), however, has no observable effect
on the survival of cultured motor neurons (Fig. 3C). Together with the modest expression of
AR in spinal cord motor neurons (Figs. 1B-C), these results suggest that A¢R is unlikely to
be involved in SOD1G93A" astrocyte-induced motor neuron death 7n vitro.

To further determine whether adenosine signaling is directly involved in motor neuron cell
death, ESMNs and wild type astrocyte co-cultures were treated with adenosine (300 nM and
1 uM), modestly higher than the physiological adenosine levels (100-200 nM), on a daily
basis. The percentage of surviving motor neurons was calculated, as previously described
(Kawamata et al., 2014). Surprisingly, direct treatment with adenosine is sufficient to induce
motor neuron cell death at both 300 nM and 1 pM (Figs. 4A-B). Although Ax3R is enriched
in spinal cord neurons, it is still possible that adenosine-induced motor neuron death may
result from the activation of astroglial Ay,R. To rule out the involvement of astroglial AR,
we then treat the ESMN culture alone with adenosine and found that direct treatment of
adenosine can still induce motor neuron cell death (Figs. 4C-D), clearly indicating that
adenosine-induced motor neuron cell death is likely to be directly mediated by Ay,R on
motor neurons.

In vivo pharmacological inhibition and partial genetic ablation of AR significantly delays
disease progression in SOD1G93A mice

Encouraged by our /n vitro results, we next determined whether pharmacological inhibition
of AggR is sufficient to alter motor behaviors and the overall survival of SOD1G93A mice.
We administered sterile KW6002 (3 mg/kg, permeable to the blood-brain barrier) or PBS
(sham control) by daily intraperitoneal injection (i.p.) to SOD1G93A mice starting at P90-
95. We chose KW6002 because it is permeable to the blood—brain barrier and has the longest
in vivo half-time (3—4 h) compared to other Ay,R antagonists (Xu et al., 2005). The dose is
determined based on previously published /n vivo experiments with KW6002 in rodents
(Aoyama et al., 2000). As shown in Fig. 5A, daily injection of KW6002 significantly (P =
0.01) and consistently delayed the progressive decrease of forelimb grip strength in
SOD1G93A mice. KW6002 injections also significantly delayed late disease onset (Fig. 5B,
from 121 + 1.7 d to 129 + 1.8 d), and extended the overall survival (from 137 + 2.4 to 144

+ 1.9) of SOD1G93A mice (Figs. 5C-D). We did not observe significant sex difference in
the overall survival in SOD1G93A mice following KW6002 administration.

Although KW6002 is permeable to brain-blood barrier and has been characterized as a
potent and selective A,R antagonist, /77 vivo drug delivery could be variable and inefficient
which may compromise the dissection of the effect of KW6002 in SOD1G93A mice. To
further determine the effect of Ay4R inhibition on motor phenotypes and the survival of
SOD1G93A mice, we genetically ablated ApzR in SOD1G93A mice by generating
Ar,R*"SOD1G93A and Ay,R '~ SOD1G93A mice. The Ay,R~/~ mice themselves have no
observable motor phenotypes. Interestingly, the complete ablation of A,;R expression has no
observable effect on forelimb grip strength and overall survival in Ay,R/"SOD1G93A mice
(Figs. 6A and E). Given the widespread expression of AR in the body, it is likely that the
complete loss of Ay4R significantly affects non-CNS physiology. Previous studies have
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found that the A,,R™/~ mice become hypoalgesic and develop high blood pressure with
increased heart rate (Ledent et al., 1997). In contrast, 50% reduced Ap,R expression in
SOD1G93A mice significantly delays the decrease of forelimb grip strength in Ay;R*/~
SOD1G93A mice (Fig. 6B). Ay,R*~ SOD1G9I3A mice also live significantly longer than
either Ay,R**SOD1G93A or A,,R/"SOD1G93A (P = 0.04) mice (Figs. 6C-D), suggesting
that the partial suppression of A,,R indeed is neuroprotective and delays disease progression
in the SOD1 mouse model of ALS.

Discussion

In this study, we showed that Ao4R is highly enriched in spinal (motor) neurons and its
expression is selectively and significantly increased in spinal cords with ALS conditions
(SOD1G93A mice and post-mortem human ALS samples). In addition, we found that direct
adenosine treatment is sufficient to induce ESMN cell death in culture. Subsequent
pharmacological inhibition and 50% reduction of Ay4R significantly protect ESMN from
SOD1G93A* astrocyte-induced cell death and delay the disease progression of SOD1G93A
mice. Our results suggest that A,,R-mediated adenosine signaling induces the selective
spinal motor neuron degeneration observed in the SOD1G93A mouse model of ALS. These
results provide interesting evidence about a novel toxic effect of adenosine on motor
neurons. An enhanced A,4R signaling in the neuromuscular junctions at the pre-
symptomatic (but not at the symptomatic) stages of SOD1G93A mice has also been
observed (Nascimento et al., 2014). Although our observation indicates that the Ay;R
expression is altered at the symptomatic stage, the specific disease stages from which the
AR signaling is altered in SOD1G93A mice likely resulted from different regions
examined in our study and the previous study (Nascimento et al., 2014). Although chronic
administration of caffeine, a non-specific antagonist of all adenosine receptors, significantly
shortens overall survival of SOD1G93A mice without obvious effect on the body weight and
motor phenotypes (Potenza et al., 2013), this likely resulted from the pan-inhibition of all
adenosine receptors, especially the neuroprotective AR.

Extracellular adenosine is usually derived from the hydrolysis of ATP and released through
exocytosis or channels from multiple cell types in the CNS (Blutstein and Haydon, 2013). In
pathological conditions, extracellular adenosine levels are often significantly elevated
(YYoshida et al., 1999), as neurons lose their structural integrity during degeneration and glia
become reactive in response to neuronal degeneration. We have observed increased release
of ATP from cultured SOD1G93A™ astrocytes (Kawamata et al., 2014). How adenosine-
induced Ay4R activation is toxic to spinal motor neurons remains unclear. As Ay;R
activation is excitatory to spinal motor neurons (Miyazaki et al., 2008) and excitotoxicity is
considered one of the primary mechanisms for spinal motor neuron degeneration (Cleveland
and Rothstein, 2001), it is likely that elevated adenosine extensively stimulates
pathologically increased A,;R and subsequently contributes to motor neuron excitotoxicity.
In addition, pharmacological inhibition of AyzR-mediated transactivation of TrkB protects
primary motor neurons from excitotoxic insults in cultures (Mojsilovic-Petrovic et al.,
2006). /n vivo conditional deletion of TrkB from mature motor neurons also attenuates
mutant SOD1 toxicity (Zhai et al., 2011). Thus, the suppression of AR activation may also
attenuate pathological transactivation of TrkB and protect motor neurons from degeneration.
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The specific downstream mechanisms of Ay4R activation and the involvement of alternative
ATP-mediated purinergic signaling in motor neuron degeneration in ALS remain to be
investigated in the future.
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Fig. 1.
AygR is highly enriched in spinal motor neuron. Representative immunoblot of AR (A)

and A{R (B) protein expression in mouse spinal cords. Ctx: cortex; hippo: hippocampus;
SC: spinal cord; Cb: cerebellum. C. Relative AjR and A,;R translating mRNA levels in
spinal astrocytes and in total spinal cords, N = 3 mice/group, *, P < 0.05 D. Immunostaining
of AR on eGFP* ESMNs in culture. Scale bar: 50 um.
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Fig. 2.
AyR (but not A1R) is selectively up-regulated in spinal cord of SOD1G93A mice and post-

mortem human ALS samples. A representative immunoblot of AR (A), A1R (C) and
corresponding quantification (Ao,R, B and A1R, D) in lumbar cords of WT and SOD1G93A
mice (P100-P110); *, P < 0.05 determined by the Student’s t-test, N = 4-6 mice/sample;
N.S.: not significant; A representative immunoblot of Ay;R (E) and A¢R (F) in spinal cords
of post-mortem human ALS patients and controls. G. Quantification in spinal cords of post-
mortem human ALS patients and controls; *, P < 0.05 determined by the Student’s t-test, N
= 6/group.
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Fig. 3.

Direct treatment of Ap;R antagonist significantly protects ESMNs from SOD1G93A*
astrocyte-induced cell death. A. A representative image of ESMNs following AozR
antagonist KW6002 treatment in ESMN and SOD1G93A* astrocyte co-cultures. B.
Immunostaining of pllI-tubulin in astrocyte and ESMN co-cultures following KW6002
treatment. C. The quantification of ESMNs following A,,;R antagonist KW6002 treatment in
ESMN and SOD1G93A* astrocyte co-cultures. ***, P < 0.001, *, P < 0.05 from one-way
ANOVA test and Bonferroni post-test; astro.: astrocytes. N = 264-418 neurons from three
independent experiments.
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Direct treatment of adenosine is sufficient to induce ESMN cell death in cultures
Representative images (A) and quantification (B) of ESMNs following adenosine treatment
in ESMNs co-cultured with wild type astrocytes. N = 161-354 neurons from three
independent experiments. Representative images (C) and quantification (D) of ESMNs
following adenosine treatment in ESMN cultures alone. *, P < 0.05 from one-way ANOVA
test and Bonferroni post-test, N = 121-254 neurons from three independent experiments.
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Daily in vivo administration of A,,R antagonist KW6002 significantly delays disease
progression in SOD1G93A mice A. Longitudinal forelimb grip strength change of
SOD1G93A mice that received KW6002 injections. P = 0.013 with the linear mixed-effects
model; B. KW6002 injections significantly delay the late onset of disease in SOD1G93A
mice; P = 0.005 with the unpaired Student’s t-test; C. Survival of individual experimental
SOD1G93A mice following KW6002 injections. P = 0.008 with the Log-Rank (Mantel—
Cox) test for the survival curve; *, P < 0.05; **, P < 0.01; N = 18-19 mice/group.
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Partial genetic ablation of AR significantly delays disease progression in SOD1G93A
mice. Longitudinal forelimb grip strength change between A,,R*"* SOD1G93A* and
Ar,R"SOD1GI3A* (A, P = 0.77), Ay,R*™* SOD1G93A* and A,,R*~ SOD1G9I3A™ (B, P
= 0.03). Survival curves of Ay;R7*SOD1G93A*, AR~ SOD1GI3A* mice (C, P = 0.04,
Log-rank test) and Ay,R** SOD1GI3A*, A»,R/"SOD1GI3A™ mice (D, N.S.: not

significant); N = 11-15 mice/group.
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