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Abstract 

 Adenosine (ADO) is an endogenous neuroprotectant.  Under ischemic conditions 

ADO levels rise in the brain up to 100-fold.  ADO in the brain is dependent on the 

movement across cell membranes by equilibrative nucleoside transporters (ENT) or 

produced from membrane bound ecto-5’ nucleotidase (eN).   We used transgenic 

neurons with neuronal specific expression of human ENT1 (hENT1) and eN knockout 

(CD73 KO) astrocytes. The aim of this research was to determine the role of ENT1 and 

eN in ADO release from ischemic-like conditions in primary cultured neurons, astrocytes 

or co-cultures.   

Neurons primarily release intracellular ADO via ENTs; this effect was blocked by 

transporter inhibitor, dipyridamole (DPR).   Astrocytes primarily convert ADO 

extracellularly from eN; this effect was with eN inhibitor α, β-methylene ADP (AOPCP).  

Combined neuron and KO astrocytes produced less ADO, extracellular ADO was 

inhibited by DPR but not AOPCP.  Overall these results suggest that eN is prominent in 

the formation of ADO but other enzymes or pathways contribute to rising ADO levels in 

ischemic conditions. 
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1. 0. Adenosine 

In all living cells purines are fundamental components for cellular activity.   

Adenosine triphosphate (ATP) is the unit of energy used by cells to do work and adenine 

(ADE) is a nucleobase constituent of nucleic acids.  Purines have been identified for 

intracellular and extracellular signaling.  Extracellular signaling by ATP has been 

identified and is mediated by purinergic receptors, whereas intracellular signaling is 

mediated by cyclic adenosine monophosphate (cAMP).  Adenosine (ADO) is another 

signaling molecule with diverse physiological effects.  The actions of ADO are mainly 

modulating excitability in the heart and brain.  ADO signaling is also involved in 

vasodilation, angiogenesis, insulin secretion, lipolysis, allergy and inflammation (Relavic 

and Burnstock 1998; Dunwiddie and Masino 2001).   

ADO also behaves as a neuromodulator within the central nervous system (CNS).  

ADO modulates many brain functions including arousal and sleep, locomotion, anxiety, 

cognition and memory (Ribeiro et al., 2003).  At rest ADO can be found in the 

extracellular environment in low nanomolar (30-300nM) concentrations (Rudolphi and 

Schubert 1997).  Severe metabolic stress associated with hypoxia, ischemia, brain 

trauma and inflammation lead to sudden increases in extracellular ADO levels up to 10-

50 µM (Hagberg et al., 1987).   

ADO cannot be described as a neurotransmitter; ADO is not stored or released 

through synaptic vesicles (Phillis et al., 2001).  ADO exerts its effects extracellularly by 

modulating synaptic transmission by inhibiting or facilitating transmitter release and by 
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hyper- or depolarizing neurons (Cunha 2001a).  The dysfunction of ADO in the CNS has 

been implicated in variety of neuropathies including stroke, epilepsy, Parkinson’s 

disease, neuropathic pain, depression, anxiety, and schizophrenia (Sebastião et al, 

2009).  

1.1. Adenosine Receptors 

The actions of adenosine are mediated through cell surface receptors from the 

purinergic receptor (P1) family.  There are four distinct types of G-protein coupled 

receptors, A1, A2A, A2B and A3.  The A2 receptors are further divided, by their affinity for 

ADO.  The four ADO receptors can increase or decrease adenylyl cyclase activity.  The 

inhibitory receptors, A1 and A3, decrease adenylyl cyclase which decreases cAMP. 

However A2A and A2B are excitatory and increase adenylyl cylcase and thus increase 

cAMP activity (Burnstock 2007a).  The cloning of ADO receptors in several mammalian 

species has allowed characterization of the distribution of ADO receptors in various 

brain regions.  In the CNS, the neuromodulatory effects of ADO are mainly exerted by A1 

and A2A high affinity receptors (Cunha 2001; Gomes 2001; Ribero et al, 2003).   

1.1.1. A1 Receptors 

The receptor A1 has high affinity for ADO compared to the other subtypes and is 

highly expressed in neurons of the regions of the cortex, hippocampus, cerebellum and 

dorsal horn of the spinal cord (Ribeiro et al., 2003).  Cell type expression of A1 has been 

found in neurons (Londos et al., 1980; van Calker et al., 1979), astrocytes (Biber et al, 
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1997), microglia (Gebicke-Haerter et al, 1996), and oligodendrocytes (Othman et al., 

2003).    

In neuronal circuits, A1 receptors are inhibitory at excitatory synapses at pre and 

post synaptic terminals (Cunha 2001).  Activation of the A1 receptor recruits the 

inhibitory G proteins (Gi and Go) and negatively impacts on adenylyl cyclase function 

(Linden 2001).  A1 activation causes hyperpolarization of neurons by activating K+ 

channels and inactivates several types of presynaptic Ca2+ channels.  This results in 

decreased release of neurotransmitters, including glutamate, acetylcholine (ACh), 

dopamine, noradrenaline and serotonin.   During ischemic or hypoxic insult, activation 

of the A1 receptors inhibits glutamate release presynaptically and inhibits NMDA 

receptors post synaptically (de Mendonça et al., 1995).  All of these processes, through 

the activation of A1 receptors depress neuronal excitability and metabolism (Ruldophi et 

al., 1992; Bischofberger et al., 1997; Fredholm et al, 2005). Enhancing A1 receptor 

activation with elevated extracellular ADO levels could potentiate neuroprotection in 

the brain during hypoxic or ischemic insult. 

1.1.2. A2A Receptors 

 The high affinity A2A receptor is expressed in restricted regions, including the 

immune tissues, platelets, vascular smooth muscle and endothelium.  High abundance 

of A2A receptor mRNA has been found in spleen, immune tissues, eye, skeletal muscle, 

heart, lung, bladder and uterus (Dixon et al., 1996; Peterfreund et al., 1996).  In the CNS, 

A2A is highly expressed in dopamine rich areas such as striatum, globus pallidus, nucleus 

accumbens, and tuberculum olfactorium (Jarvis et al., 1989).  High levels of A2A receptor 
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expression are found in the striatum and are co-localized with dopamine (D2) receptors 

in GABAergic neurons containing enkephalin (Fink et al., 1992).   

A2A receptor activation is excitatory; activation of stimulatory G (Gs) protein leads 

to stimulation of adenylyl cyclase in peripheral tissues.  However, in the striatum, Golf is 

used to stimulate adenylyl cyclase (Kull et al., 2000). Stimulation of the A2A receptors 

activates Ca2+ ion channels, Na+ channel and NMDA receptor function in the striatum 

(Stella et al., 2002; Nash and Brotchie, 2000; Norenberg et al., 1998). A2A receptors 

modulate GABA neurotransmitter release in conjunction with A1 receptors (Lopes et al., 

2002) and have also been implicated in glutamate, ACh and serotonin neurotransmitter 

release (Cunha, 2001).   

In contrast to A1 receptor-mediated neuroprotection, A2A receptor agonists 

contribute to neuronal injury in ischemic and excitotoxicity models (Gao and Phillis 

1994; Rudolphi et al., 1992b).  Neuronal death from excessive neurotransmitter release 

of excitatory amino acids is thought to be facilitated by A2A receptor activity.  The 

facilitating effect of A2A agonists has been shown to enhance excitatory effects of 

glutamate under ischemic conditions.  Thus, neuroprotection in various animal models 

of cerebral ischemia can be shown using A2A antagonists such as SCH 58261. In disease 

models, A2A receptor is implicated in the pathology in certain neurological disorders 

such as Parkinson’s, Huntington’s and Alzheimer’s diseases, schizophrenia, phobias, 

depression, and bipolar disorders. 
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1.1.3. A2B Receptors 

The A2B receptors are found on all cells and have low affinity for ADO.   The A2B 

receptor is widely distributed in the brain albeit at low expression levels (Daly et al,. 

1983; Dixon et al., 1996).  The A2B receptor is excitatory, coupling positively to adenylyl 

cyclase through Gq and Gs proteins (Feoktistov et al., 1994; Linden 1999).  In the CNS, 

A2B receptor may be involved with neurodevelopment of dorsal spinal cord axons and 

may interact with inflammatory cytokines associated with traumatic brain injury and 

ischemia (Corset et al., 2000).  Also the A2B receptor may inhibit taurine release from 

glial cells of the neurohypophyses.  Taurine may play a role in cell osmoregulation and 

could potentially be implicated in the pathophysiology of olfactory, auditory, visual 

systems development and long term potentiation (LTP) in the striatum (Pierson et al., 

2007; Warskulat et al., 2007). 

In the periphery, high expression levels can be found in the caecum, colon and 

bladder (Stehle et al., 1992).  Moderate expression of A2B receptors is seen in lung, 

blood vessels and eye; low levels of A2B receptor expression include adipose tissue, 

adrenal gland, kidney, liver, ovary and pituitary gland (Fredholm, 2000).  The A2B 

receptor positively impacts on levels of adenylyl cyclase and increases intracellular 

calcium signaling (Feoktistov et al., 1994). Physiological roles of A2B receptors have been 

identified in airway smooth muscle, fibroblasts, astrocytes, gastrointestinal tract, and 

blood vessels.  A2B receptors may be implicated in degranulation of immune cells and 

may play a role in allergy and inflammatory disorders.   
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1.1.4. A3 Receptors 

The A3 receptor is known to show a species-specific tissue distribution and 

expression is higher in sheep >humans > rodents.  Pharmacological profile of the A3 

receptor in humans is similar to sheep than rat homolog (Linden et al., 1993; Salvatore 

et al., 1993).  The peripheral distribution of A3 receptor is extensive and can be found in 

testis, lung, kidneys, placenta, heart, brain, spleen, liver, uterus, bladder, jejunum, 

proximal colon and eye (Linden et al., 1993; Salvatore et al., 1993; Dixon et al., 1996). In 

rat, expression levels of A3 receptors are highest in testis and mast cells. However in 

sheep, highest expression was found in the lung, spleen, pars tuberalis and pineal gland 

(Linden et al., 1993; Salvatore et al., 1993).  In humans, A3 receptor distribution is 

widespread, with highest expression in the lung and liver; in contrast the lowest 

expression is in the aorta and brain (Salvatore et al., 1993). In the CNS, the A3 receptor is 

expressed on neuronal and glial cells (Jacobson 1998).  Moderate expression of A3 

receptor is found on cerebellum and hippocampus and lower expression in other areas 

of the brain (Fredholm et al., 2001). The A3 receptor is coupled to inhibitory Giα2-, Giα3- 

and Gq/11 proteins that negatively impact on adenylyl cyclase activity (Palmer et al., 

1995).  Activation of A3 receptors stimulates phospholipase C (PLC) signaling and 

increases levels of IP3 and intracellular Ca2+. 

Less is known about the expression and function of A3 receptors.  Human 

expression of A3 receptor has also been found on mast cells, suggesting a role in 

histamine release and inflammation (Ramkumar et al., 1993).  In terms of 

neuroprotection, the A3 receptor has been demonstrated to have a functional 



8 | P a g e  
 

relationship with A1 receptor.  Activation of rat A3 receptors desensitizes A1 receptor 

inhibition of excitatory transmission (Dunwiddie et al., 1997).  A3 receptor may have 

dual functions in neuroprotection and neurodegeneration.  Administration of A3 

receptor agonist 2-chloro-N6-(3-iodobenzyl) adenosine-5-N-methyluronamide (IB–

MECA) to gerbils significantly exacerbates the ischemic insult, although chronic 

stimulation in animals shows protection from stroke; conversely, the A3 knockout mice 

show loss of neuroprotection (von Lubitz et al. 1999; Chen et al., 2006).  In vitro studies 

have replicated this effect.  Low nanomolar concentrations of the A3 agonist IB–MECA 

affords neuroprotection to primary cortical cultures subjected to oxygen glucose 

deprivation (OGD) conditions (Chen et al., 2006).  At higher micromolar concentrations 

(≥10 μM) apoptosis is induced through activation of caspases in astrocyte cultures 

(Appel et al., 2001).  This is also seen in hippocampal neurons in culture (Von Lubitz et 

al., 1994). 

2.0.  Purines and Purinergic Signaling 

2.1.  Adenosine Triphosphate (ATP)  

ATP has dual function as cellular source of energy and as an extracellular 

signaling molecule.  ATP’s effects on the heart and vasculature were first described by 

Drury and Szent-Györgyi in 1929.  It is now known that ATP can be released as co-

transmitter from nerves in both peripheral and central nervous systems (Burnstock, 

1976, 2007, 2009). ATP displays typical characteristics of a classical neurotransmitter.  

Pre-synaptic ATP vesicular release can be detected in synaptic transmission and act on 
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post-synaptic receptors.  ATP is stored in vesicles and is released or co-released with 

other neurotransmitters, including GABA, glutamate, noradrenaline and dopamine 

(Pankratov et al., 2006; Abbracchio et al., 2009).   Also ATP can be released at the post-

synaptic membrane and in response to other physiological states such as hypoxia 

(Zimmermann 1994).  ATP can be hydrolyzed to ADP then AMP and ADO by membrane 

bound enzymes and act on purinergic receptors (P2).   

Two subtypes of P2 receptors have been classified as ionotropic P2X and 

metabotropic P2Y families.  Under physiological conditions, purinergic signaling is 

important in learning/memory, sleep/arousal, locomotor activity, mood/motivation and 

feeding behavior.  Alternatively, pathological purinergic signaling is implicated in a 

variety of neurodegenerative diseases, psychiatric disorders, epilepsy, migraine, 

cognitive impairment and neuropathic pain (Burnstock et al., 2011). 

2.2. Inosine 

Inosine (INO) is a purine nucleoside and a primary metabolite of ADO.  It was 

previously thought that products of ADO metabolism were nonreactive.  However INO 

has been observed to have immunomodulatory and neuroprotective effects (Haskó et 

al., 2004).  Like ADO, INO seems to be involved with extracellular signaling and involved 

with physiological and pathophysiological processes.  INO can be formed from 

intracellular and extracellular pathways.  In the first pathway, high levels of intracellular 

or extracellular ADO (associated with cellular stress from hypoxia or ischemia) are 

deaminated by ADO deaminase (ADA) to INO (Deussen, 2000).  In the second pathway, 



10 | P a g e  
 

inosine monophosphate (IMP) is dephosphorylated by 5’nucleotidases to INO (Parkinson 

et al., 2006). Transport of INO from extracellular or intracellular space is mediated 

through both concentrative and equilibrative nucleoside transporters.  ADO and INO are 

competitive substrates for these transporters (Pastor-Anglada et al. 2001). 

ADO and INO are present at low concentrations and increase substantially under 

metabolically stressful conditions such as ischemia or inflammation (Ralevic and 

Burnstock 1998; Fredholm et al., 2001).  Receptors for INO have not been identified; 

however micromolar concentrations of INO have been shown to activate A2A and A3 

receptors (Fenster et al. 2000; Jin et al., 1997; Gomez and Sitkovsky 2003).  The actions 

of INO are well documented in the immune system.  INO plays a role in mast cell 

degranulation, suppresses pro-inflammatory agents, augments anti-inflammatory 

cytokines, and attenuates inflammatory and immune cell responses to ischemic-

reperfusion injury (Haskó et al., 2000 and 2004).   

The role of ADO as neuroprotectant during cerebral ischemia has been well 

established.  Additionally, the mechanisms of ADO neuroprotection can be explained 

through the actions of ADO receptors as well as ADO metabolism.  Other reports 

suggest that INO mediates ADO protective effects on the viability of rat astrocyte cell 

cultures in oxygen-glucose deprivation (OGD) conditions and this protection is reversed 

with the inhibition of intracellular adenosine deaminase (Haun et al., 1996) or inhibition 

of intracellular purine nucleoside phosphorylase (PNP) in astrocytes (Jurkowitz, et al. 

1998; Litsky et al. (1999).  As well, INO may promote axonal regrowth after injury in rats 
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(Benowitz et al. 1999).  The therapeutic impact of INO still needs to be investigated.  INO 

could potentially be a therapeutic agent in multiple sclerosis (Spitsin et al., 2001), 

Tourette’s syndrome (Cheng et al., 1990) and cerebral ischemia. 

2.3. Hypoxanthine 

Hypoxanthine (HX) is a purine nucleobase and end product of extensive ATP 

catabolism.  PNP converts INO to HX and ribose -1-phosphate.  HX can be further 

metabolized by xanthine oxidase to xanthine.  Alternatively HX can be converted to 

inosine monophosphate (IMP) by hypoxanthine-guanine phosphoribosyl transferase 

(HGPRT).  Purine metabolism in the CNS differs between species and organ systems.  In 

human brain, levels of xanthine oxidase are low whereas HGPRT activity is high (Al-

Khalidi and Chaglassian, 1965; Rosenbloom et al., 1967).  During cerebral ischemia, HX 

levels are increased; although no neuroprotection is afforded by high levels of HX in the 

CNS.  It has been suggested that HX accumulation in the brain could contribute to 

oxidative damage upon reoxygenation (White et al. 1984).  Probably as a consequence 

of oxygen-glucose deprivation and utilization of energy rich purines, HX levels result 

from extensive purine metabolism (Hallgren et al., 1983).   

2.4. Purinergic Receptors 

2.4.1. P2X receptors 

The P2X receptor subclass is a family of ligand-gated ion channel receptors.  

There are currently seven receptor subtypes, P2X1-7, sharing 30-50% sequence 

homology.  There are two trans-membrane (TM) spanning regions, TM1 involved with 
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channel gating and TM2 lines the channel pore.  A large extracellular loop holds the ATP 

binding site. P2X receptors are permeable to Ca2+, Na+ and K+ (Burnstock 2007b).  The 

P2X receptors are composed of three subunits, either forming homomultimer or 

heteromultimer (Nicke et al., 1998; North 2002).  There is much diversity among P2X 

receptors; there are six homomultimeric receptors P2X1-5 and P2X7.  However the P2X6 

receptor does not evoke any currents but is functional in heteromultimer receptors 

(Burnstock 2007b).  There are also six heteromultimeric P2X receptors P2X2/3, P2X1/2, 

P2X1/5, P2X2/6, P2X4/6 and P2X1/4 (Roberts et al., 2006; Burnstock 2007b; Guo et al., 

2007).  In neuronal cells, all P2X subunits are expressed; the distribution of each 

receptor subtype remains to be fully characterized.  Calcium permeability is variable 

among P2X receptors depending on subunit combinations.  When P2X receptors are 

activated they can initiate cytosolic Ca2+ signals (Pankratov et al., 2008) and 

neurotransmitter release (Ferrari et al. 1999; Sperlágh et al. 2007) or mediate Ca2+ influx 

at resting membrane potentials in neurons (Pankratov et al., 2003).  P2X receptors can 

interact with other receptors in the CNS such as GABA, NMDA and nicotinic ACh 

receptors (Khakh et al. 2000; Pankratov et al. 2008).   P2X receptor activation mediates 

synaptic currents and is thought to be important in regulating synaptic plasticity of LTP 

or long-term depression (LTD).  The role in these processes is still being investigated 

(Pankratov et al. 2008). 

2.4.2. P2Y Receptors 

The P2Y receptor family is G-protein coupled and have eight identifiable 

receptors, in which there are two distinct subtypes based on protein sequence and G-
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protein coupling (Abbracchio et al. 2006).  The first subgroup (P2Y1, P2Y2, P2Y4, P2Y6, 

and P2Y11) primarily activates the Gq/G11 which then activates the PLC, IP3 and 

intracellular Ca2+ signaling (Verkhratsky 2005; Burnstock 2007b).  The second sub group 

(P2Y12, P2Y13, and P2Y14) is linked to the Gi/o, which reduces adenylyl cyclase levels 

and modulates ion channels (Abbracchio et al. 2006; Verkhratsky, 2005).  Ligands of the 

P2Y receptor include adenine nucleotides (AN) ATP and ADP, uracil nucleotides (UTP and 

UDP), sugar nucleotides and recently identified cysteinyl-leukotrienes (Abbracchio et al., 

2009).   P2Y expression is prevalent throughout the CNS, in neurons and astrocytes 

(Parravicini et al. 2008; Ciana et al. 2006).  Like the P2X receptor family, homo and 

heterodimers can be formed with other P2Y receptors (Ecke et al. 2008) or A1 receptors 

(Fischer and Krügel 2007).  P2Y receptor is involved with numerous molecular signaling 

pathways of tyrosine kinase receptors, integrins or nerve growth factor receptor (Erb et 

al., 2006; Arthur et al., 2005). 

3.0 Adenosine Formation in the Brain 

3.1 Intracellular Production and Metabolism of ADO  

Possible sources of ADO can come from intracellular AN, cyclic adenosine 

monophosphate (cAMP) or S-adenosylhomocysteine (SAH).  The main contribution to 

the formation of ADO occurs from the sequential dephosphorylation of ATP to AMP by 

cytosolic nucleotidases.  Lesser pathways of ADO formation can occur by reversible 

conversion of SAH to adenosine and homocysteine by SAH hydrolase.  Also ATP can 
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contribute to levels of cAMP by adenylyl cyclase; cAMP can be converted to AMP by 

phosphodiesterases (Latini et al, 1996).   

Intracellular metabolism of ADO occurs from two enzymatic pathways.  In the 

first pathway, ADO deaminase (ADA) irreversibly deaminates ADO to INO.  In humans 

the deficiency of ADA activity correlates with immune dysfunction in severe combined 

immunodeficiency disease.  The highest levels of human ADA are expressed in skin, 

lymph nodes, spleen, gastrointestinal tract and thymus while low levels of ADA are 

found in liver and kidney (Van der Weyden and Kelley 1976; Adams and Harkness 1976).  

In the CNS, highest levels are found in choroid plexus, hypothalamus, olfactory bulbs 

and superior colliculus; low levels are detected in the hippocampus and corpus callosum 

(Geiger and Nagy 1986).  In vitro primary cell cultures of neurons and astrocytes also 

demonstrate ADA activity, however higher ADA activity occurs in astrocytes than 

neurons (Parkinson and Xiong, 2004; Ceballos et al,. 1994).   

In humans, three forms of ADA have been found, soluble iso-enzymes (ADA1 and 

ADA2) and one ecto-enzyme (ecto-ADA) (Hirshhorn et al., 1980; Ratech et al., 1981b). 

Intracellular ADA activity is attributed to ADA1, whereas ADA2 is mainly found in plasma 

and serum (Ratech et al., 1981a).  Ecto-ADA activity has been reported on the surface of 

hematopoietic cells and also in neurons (Kameota et al., 1993; Franco et al., 1986). 

Besides the obvious role in degrading ADO, ADA has other functions in regulating 

extracellular ADO and modulating A1 receptor signaling, desensitization, and 

internalization (Ciruela et al., 1996; Saura et al. 1998). 
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The second pathway involves adenosine kinase (AK), which phosphorylates ADO, 

to AMP.  AK preferentially utilizes ATP (as the source of phosphate) and yields AMP.  The 

activity of AK requires magnesium (Mg2+) and is most likely complexed to ATP (MgATP2-) 

(Palella et al., 1980).  Inhibition of this enzyme occurs when intracellular levels of free 

Mg2+ and ATP are low (Lindberg et al., 1967) or when ADO concentrations are high 

(Yamada et al., 1980).  In regard with the latter, it has been suggested there are two 

binding sites on AK.  The catalytic site has high affinity for ADO and the second 

regulatory site has lower affinity for ADO, which may be important for substrate 

inhibition of AK (Elalaoui et al., 1994).  AK is conserved across species and has been 

found in a number of eukaryotic organisms.  In humans, expression of AK is present in 

kidney, liver, spleen, placenta, pancreas and brain (Andres and Fox 1979; Snyder and 

Lukey 1982). 

3.2 Extracellular Production and Metabolism of ADO  

3.2.1 ATP release in the CNS 

ATP has been long recognized as a source of energy for cells and, more recently, 

ATP has been described as a neurotransmitter of the CNS and PNS.  On P2X receptors, 

ATP exerts an excitatory effect and extracellular degradation of ATP to ADO exhibits an 

inhibitory tone in the CNS (Edwards et al., 1992; Holton and Holton, 1954; Burnstock 

1970; North 2002).  In varying regions of the CNS, ATP is present in high concentrations, 

ranging from 2 to 4 mmol/kg (Kogure and Alonso 1978). 

 Vessicular neuronal ATP release was first described by Holton and Holton in 

1953, through the electrical stimulation of axons.  The mechanism of ATP release was 
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unclear, until it was described that ATP release was quantal (Burnstock and Holman, 

1961; Pankratov et al., 2007) and present in synaptic vesicles at high concentrations 

(Sawynok et al., 1993; Bankston and Guidotti 1996). In agreement with these findings, 

the vesicular nucleotide transporter (VNUT) was identified by Sawada and colleagues in 

2008.  VNUT is a SLC17 anion transporter, which accumulates ATP and other substrates 

(ADP and GTP) into vesicles mediated by a Cl- dependent process (Sawada et al., 2008).  

It is widely expressed throughout the brain; higher expression was noted in the 

cerebellar cortex, olfactory bulb and hippocampus.  VNUT is also associated at 

excitatory and inhibitory nerve terminals on rat hippocampus (Larson et al., 2011).  

Following the uptake of ATP by VNUT, exocytosis mechanisms facilitate release into 

extracellular environment (Sawada et al., 2008; White 1978). 

Vesicular ATP release has also been demonstrated in astrocytes (Coco et al., 

2003; Zhang et al., 2007).  As well, ATP is co-released with other neurotransmitters 

including ACh (Richardson and Brown, 1987), norepinephrine (Potter and White, 1980), 

GABA (Perez and Bruun, 1987) and glutamate (Mori et al., 2001).  Other mechanisms 

have been noted, including ATP-binding cassette transporters, connexin or pannexin 

hemichannels, voltage-dependant anion channels, and P2X7 receptors (Pankratov et al., 

2006; Dubyak 2006; Scemes et al. 2007).  

3.2.2 Extracellular enzymes 

Generation of extracellular ADO can arise from extracellular dephosphorylation 

of AN by ecto-enzymes or ADO release from cells by transporters.  The AN released into 
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the extracellular space are subject to metabolism by several ecto-enzyme families.  The 

metabolism of AN is mediated by family of ectonucleoside triphosphate 

diphosphohydrolases (E-NTPDase), ecto nucleoside pyrophosphatase and/or 

phosphodiesterase (e-NPP), alkaline phosphatases and ecto-5’ nucleotidase (eN).  These 

ecto-enzymes play an important role in purinergic signaling by controlling the 

availability of ligands of the P1, P2X and P2Y receptors. 

3.2.2. i E-NTPDase 

There are eight subtypes of E-NTPDases, only E-NTPDase 1-3 and 8 are 

membrane bound.  E-NTPDase 1 (CD39, ecto-apyrase, ecto-ATP diphosphorylase) 

utilizes ATP or ADP as substrates; however ATP is directly dephosphorylated to AMP 

(Zimmerman 1996; Heine et al., 1999).  E-NTPDase 1 can be found on microglia, 

endothelial and smooth muscle cells (Braun et al., 2000).   In the CNS, high expression of 

E-NTPDase 1 is found in the thalamus, caudate putamen, and hippocampus (Langer et 

al., 2008).  NTPDase 2 has selective preference for ATP and has been found on neuronal 

progenitor cells and non-myelinating Schwann cells (Braun et al., 2003, 2004).  The 

activity of NTPDase 2 is mainly found in the dentate gyrus, subventricular zone and 

rostral migratory stream (Langer et al., 2008).  NTPDase 3 mainly uses ATP and ADP as 

substrates.  The ATPase activity of NTPDase 3 is mainly located in hypothalamus, 

hippocampus and cortex by immunohistochemistry (Langer et al., 2008).  Subtypes 

NTPDase 5 and 6 is located in the intracellular compartment.  These enzymes can be 

released extracelluarly and have specific ligand preference for nucleotide diphosphates.  
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Subtypes 4 and 7 are located intracellularly on the luminal side of the Golgi apparatus, 

lysosomal and autophagic vacuoles (Wang and Guidotti 1998; Biederbick et al. 1999). 

3.2.2. ii E-NPPs 

Currently there are seven variants of the e-NPP family with broad substrate 

specificity for hydrolyzing pyrophosphate and phosphodiester bonds.  Three members 

of this family (e-NPP 1-3) are capable of nucleotide dephosphorylation of various 

substrates including ATP, ADP, nicotinamide adenine dinucleotide (NAD+), and 

dinucleotide polyphosphates.  In humans, expression of NPP 1-3 has been found in most 

tissues.  In the CNS, NPP1 has been located in brain capillary endothelium but not in 

neurons or astrocytes (Harahap and Goding 1988). Expression of NPP2 in the CNS is 

limited to epithelial cells of the choroid plexus, cerebral spinal fluid (Narita et al., 1994) 

and in immature oligodendrocytes but not on neurons and astrocytes (Savaskan et al., 

2007; Langer et al., 2008).  NPP3 expression has been observed in the development of 

glial cells, where expression of NPP3 is seen in precursor cells but not in mature 

astrocytes (Rebbe and Hickman 1991; Blass-Kampmann et al., 1997). 

3.2.2. iii Alkaline Phosphatase 

Unlike the first two enzyme families, this enzyme family is the least studied of 

the ecto-nucleosidases.  The alkaline phosphatases are widely distributed and have 

broad substrate specificity and can utilize nucleoside 5’- tri-, di-, monophosphates 

(Zimmermann 1996a).  One alkaline phosphatase enzyme is capable of hydrolyzing ATP 

to ADO and releases inorganic pyrophosphate.  They can be membrane bound as 
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glycosylphosphatidylinositol (GPI) anchored proteins or appear in serum.  Other 

isoforms of alkaline phosphatases such as tissue-nonspecific alkaline phosphatase 

(TNAP), is widely expressed in the CNS including blood vessel endothelial cells, neuropil 

of olfactory bulb, cortex (Friede 1966; Fonta et al. 2004, 2005), hypothalmus, inferior 

/superior colliculi and dorsal / ventral medulla (Langer et al., 2008).  The physiological 

role of TNAP is poorly understood. Although the optimal activity of the enzyme is at 

alkaline pH, it can also hydrolyze ATP and thus contribute to ADO production at 

physiological pH of 7.4.  In a recent study, inhibition of TNAP by levamisole in mouse 

olfactory bulb demonstrated decreased neuron and astrocyte communication (Doengi 

et al., 2008).  Thus TNAP may play a relevant role in purine nucleoside signaling. 

3.2.2. iv Ecto 5’ nucleotidase (eN) 

The activity of eN is found in all tissues including the brain. In B and T 

lymphocytes, eN is also known as CD73 is a mark of maturation in these cells.  In the 

CNS, eN is mainly located on the plasma membrane of astrocytes, microglia and 

oligodendrites (Schoen et al., 1987; Grondal et al., 1988).  This enzyme has high affinity 

for AMP and can be competitively inhibited by ATP, ADP and α, β-methylene adenosine 

diphosphate (AOPCP) (Zimmerman 1996; Latini and Pedata 2001). 

 It is a GPI-anchored membrane protein and extracellular soluble forms can be 

produced from cleavage by phosphatidylinositol phospholipase C (Vogel et al., 1992).  

Extracellular soluble forms of eN have been noted in experimental conditions 

(Zimmermann 1992, 1996b).  The enzyme appears in dimer form and requires zinc to 
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bind for functional activity (Knöfel and Sträter 1999). It utilizes nucleoside 

monophosphates and hydrolyzes to respective nucleosides and generates inorganic 

phosphate.  Considering its direct conversion to nucleosides, eN plays a central role in 

generating ADO from extracellular released AN in the brain.  In the CNS, eN has been 

described as a marker for myelin (Cammer and Tansey 1986; Kreutzberg 1978b), 

astrocytes and activated microglia (Kreutzberg, 1978 a, b, 1986; Gehrmann et al., 1991).  

In immature nerve cells, eN is transiently expressed during development and 

remodeling (Schoen and Kreutzberg 1994. 1995, Braun et al., 1995).  In mature neurons 

the expression of eN is absent.  In conjunction to enzymatic production of ADO from AN, 

eN also has a role in neuronal development.  As well, under ischemic conditions, eN is 

up regulated in astrocytes and microglial cells as protective response to generate ADO 

which then limits the release of excitatory neurotransmitters which could further 

potentiate ischemic damage to the surrounding tissue (Braun et al., 1997). 

3.2.3. Adenosine Transport 

Extracellular and intracellular levels of ADO are regulated by its production and 

enzyme metabolizing processes.  Nucleoside transporters facilitate transport of 

nucleosides across cell membranes to plasma or intracellular compartment.  Two types 

of transporters have been identified: Equilibrative Nucleoside Transporter (ENT) and 

Concentrative Nucleoside Transporter (CNT). 
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3.2.3. i. Equilibrative Nucleoside Transporter (ENTs) 

To date, four ENT subtypes have been cloned and identified in human, rat and 

mouse (Griffiths et al., 1997a, b; Baldwin et al., 2005; Barnes et al., 2006).  ENTs 

demonstrate equilibrative and bi-directional transport of broad range of purines and 

pyrimidines.  ENTs are most likely widely distributed in a variety of cell types and tissues 

(Griffiths et al., 1997a, b).  Before ENT genes were identified, they were classified as es 

(equilibrative sensitive) or ei (equilibrative insensitive) to nitrobenzylthioinosine (or 

nitrobenzylmercaptopurine riboside, NBMPR) (Baldwin et al., 1999).  

ENT1 

In the classical nomenclature, ENT1 was identified as es and is also known as 

SLC29A1 (Young et al., 2008).  ENT1 is inhibited by NBMPR at nanomolar concentrations 

and also by coronary vasodilator drugs dipyridamole (DPR) and dilazep (Young et al., 

2008).  ENT1 is also inhibited by tyrosine and serine/threonine kinase inhibitors (Huang 

et al., 2003) as well as lower potency benzodiazapines (Hammond et al., 1985).  Human 

ENT1 (hENT1) has broad permeant range of purine and pyrimidine nucleosides but is 

unable to transport uridine (Griffiths et al. 1997 a, b; Ward et al. 2000).  hENT1 may play 

a role in drug transport, as observed with anti-cancer nucleoside drugs (King et al., 

2006) and rivavirin absorption and tissue distribution (Endres et al., 2009).   

Expression of hENT1 is widespread on plasma membranes of many cell types and 

can also be found on nuclear (Mani et al., 1998) and mitochondrial membranes (Lee et 

al., 2006).  The distribution of hENT1 has also been correlated with A1 receptor 
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expression in human brain (Jennings et al., 2001).  The highest protein level of hENT1 in 

the CNS has been found in the frontal and parietal cortex; intermediate levels in the 

thalamus, mid-brain, and basal ganglia; lowest expression was observed in the 

hippocampus and cerebellum (Jennings et al., 2001). 

ENT2 

Human ENT2 (hENT2; SLC29A2) (Young et al., 2008) are ei transporter; they are 

inhibited by NBMPR at micromolar concentrations.  Inhibitors of hENT2 are the same as 

hENT1 (above) with some species differences in potencies.   Similar to hENT1, hENT2 

also has a broad range purine, pyrimidines selectivity and also transports hypoxanthine 

and other nucleobases (Griffiths et al., 1997 a, b; Yao et al., 2002).  Pharmacology of 

antiviral nucleoside and anticancer nucleobase drugs are mediated through hENT2 (Yao 

et al., 2001; Nagai et al., 2003).  Although hENT2 is co-expressed with hENT1, the 

activity of hENT2 may be less. 

The pharmacology and physiology of ENT2 is not well known, mainly due to the 

fact that there are no selective pharmacologic agents to ENT2.  ENT2 has been found in 

various types of tissues including heart, placenta, thymus, pancreas, prostate, kidney 

and is particularly abundant in skeletal tissue (Griffiths et al. 1997a; Crawford et al. 

1998).  In the CNS, hENT2 distribution was found in proteins isolated from the thalamus, 

medulla, midbrain, pons and cerebellum (Jennings et al., 2001). 
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ENT3 

Human ENT3 (hENT3; SLC29A3) (Young et al., 2008) is not expressed on the 

plasma membrane because it is mainly localized to intracellular lysosomes (Pisoni and 

Thoene 1989; Baldwin et al., 2005) and mitochondria (Govindarajan et al., 2008).  The 

protein sequence of ENT3 contains a long (51 residues) hydrophilic N-terminal region 

characteristic of endosomal/lysosomal targeting sequence.  Removal of this sequence 

leads to localization of ENT3 to plasma membrane (Sandoval et al. 2000; Baldwin et al., 

2005).    Compared to hENT1, hENT3 is not affected by NBMPR or DPR or diltazem 

(Baldwin et al., 2005).  The broad permeant selectivity of hENT3 includes purine and 

pyrimidine nucleosides including adenine, but hENT3 does not transport HX.  In addition 

the hENT3 is capable of transporting chemotherapy and anti-cancer adenosine 

analogues such as cladribine (2-CdA, 2-chlorodeoxyadenosine) and fludarabine (2-

fluoro-arabinosyladenine) (Baldwin et al., 2005).  Expression of hENT3 has been found in 

the placenta in high abundance and is broadly distributed in the brain (Baldwin et al., 

2005; Lu et al., 2004).  Activity of hENT3 may be proton coupled; therefore functional 

activity requires acidic pH which mirrors the location of hENT3 in lysosomal 

compartments.  The physiological function of ENT3 in lysosomes may contribute to 

recycling of nucleosides and nucleobases after nucleic acid breakdown (Pisoni and 

Thoene 1989). 

ENT4 

Human ENT4 (hENT4; SLC29A4) (Young et al., 2008) is the most genetically 

divergent of the ENTs.  It is expressed on the plasma membrane and transports 
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adenosine at low affinity and monoamines in the brain and heart (Barnes et al., 2006; 

Zhou et al., 2007).  Transport of nucleosides is activated at low pH which may indicate 

that hENT4 is coupled to proton exchange.  ENT4 is not affected by micromolar 

concentrations of NBMPR, although it is partially inhibited by DPR and dilazep (Barnes et 

al., 2006).  The ability of ENT4 to transport cancer drugs has yet to be determined, 

however in certain cancers, upregulation of ENT4 transcription which suggests its 

importance in cancer growth and survival (Li et al., 2008).  In ischemia prone organs 

such as the brain and heart, ENT4 could regulate extracellular ADO levels under acidic 

conditions (Barnes et al., 2006).  Expression of hENT4 mRNA is widespread in human 

tissues (Barnes et al. 2006).  Within the CNS, localization of ENT4 was primarily to 

neuronal cell bodies and neuropil (Dahlin et al., 2007).  Immunohistochemistry of mouse 

ENT4 in the CNS was observed in cerebral cortex, hippocampus, basal ganglia, 

cerebellum, thalamus and hypothalamus (Dahlin et al., 2007). 

3.2.3. ii.  Concentrative Nucleoside Transporters 

 The second nucleoside transporter family is the concentrative nucleoside 

transporters (CNT; also known in humans as SLC28) and composed of three members 

CNT1, CNT2 and CNT3 (King et al., 2006).  Before the CNT designation the three 

subtypes of CNTs were previously identified as cit (CNT1), cif (CNT2) and cib (CNT3) 

(Griffith and Jarvis 1996; Cass 1995). In conjunction with ENTs, the CNTs also play a role 

in absorption, distribution and elimination of purines, pyrimidines and nucleoside drugs.  
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All CNTs are able to transport uridine and also have specific substrates within 

each subtype.  The human CNT1 (hCNT1) is selective for pyrimidine nucleosides and can 

also bind to ADO at high affinity, although it is not translocated (Ritzel et al., 1997; 

Larrayoz et al. 2004).  hCNT2 is selective for purine nucleosides (Ritzel et al., 1998) and 

hCNT3 is capable of transporting both purine and pyrimidine nucleosides (Ritzel et al., 

2001; Wang et al. 1997; Smith et al. 2004).  All three CNTs are able to transport 

anticancer and antiviral nucleoside drugs.  As ENTs mediate the bidirectional 

translocation of purines, CNTs mediate unidirectional flow of purines and pyrimidines.  

This is an energy expending process that requires the facilitation of sodium ion 

exchange (Ritzel et al., 1998; Smith et al., 2004, 2005).  The CNTs undergo 

conformational change that is Na+ or H+ dependent.  This is followed by substrate 

binding and subsequent transfer of the substrate to the compartment (Smith et al., 

2004, 2005). Altered conformational states have been found with different cation 

binding (Errasti-Murugarren et al., 2008).  The ratio to which hCNT1/2 translocate 

substrates requires one sodium per nucleoside (1:1) (Ritzel et al. 1998; Smith et al. 

2004), whereas hCNT3 requires two sodium ions per nucleoside (2:1) (Ritzel et al. 2001).  

The higher ratio suggests concentrative ability of moving permeants across cell 

membranes against concentration gradient (Ritzel et al., 2001; Smith et al., 2005, 2007). 

For hCNT3, the presence of protons the ratio changes to (1:1) (Smith et al., 2005, 2007).  

It is also reported that hCNT3 may have similar ratio as seen in hCNT1/2 (Larrayoz et al. 

2004). In acidic environments with the presence of sodium, hCNT3 seem to have a select 

preference (high Km) for proton binding (Slugoski et al., 2009) which changes the 
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sodium: proton: nucleoside to 1:1:1 ratio [48].  These proton or sodium bound versions 

of hCNT3 changes substrate specificity at nucleoside binding pocket or translocation 

pore (Ritzel et al., 2001; Smith et al., 2005; Slugoski et al., 2008). Sodium coupled hCNT3 

translocates purine, pyrimidine nucleosides, antiviral and anticancer nucleoside drugs.  

Proton-coupled hCNT3 is uridine selective and does not transport zidovudine (AZT, 

azidothymidine) (Smith et al., 2005). 

The distribution of hCNTs is varied depending on subtype but all three CNTs are 

expressed in the brain.  hCNT3 has broad distribution (Ritzel et al., 2001), where as 

hCNT1/2 are found in intracellular compartments (Mackey et al., 2005).  Nucleoside 

transporters CNT and ENTs are expressed together in apical and basolateral kidney and 

intestinal epithelial cells, which may facilitate vectoral reabsorption of nucleosides and 

their derivatives (Mangravite et al. 2001, 2003; Mangravite and Giacomini 2003; Errasti-

Murugarren et al. 2007).  The distribution of CNT1 in rats showed significant levels in 

kidney and intestine but low levels in the CNS (Lu et al., 2004).  Within the CNS, real-

time polymerase chain reaction (RT-PCR) studies in the rat, showed CNT1 in high levels 

in brainstem and cortex; intermediate levels in choroid plexus, posterior hypothalamus, 

hippocampus, and cerebellum; and lowest expression in striatum and superior colliculus 

(Anderson et al., 1996). CNT2 was also found higher in kidney and intestine than brain 

(Lu et al., 2004).  Transcripts of CNT2 were found in uniform distribution in the brain 

(Anderson et al., 1996) and high levels of rat CNT2 transcripts were found in neurons in 

select areas of the hippocampus and midbrain; intermediate levels of CNT2 were found 

in neurons of basal ganglia, cortex, hypothalamus and granule area of cerebellum 
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(Guillen-Gomez et al., 2004).  In vitro cultures of mouse neurons and astrocytes 

reported CNT2 in neurons and astrocytes (Nagai et al., 2005; Peng et al., 2005).  In 

mouse (Lu et al., 2004) and human (Ritzel et al., 2005), CNT3 has been reported at low 

levels throughout the brain; however, in rat neuron and astrocyte cultures CNT3 levels 

were not detectable (Nagai et al., 2005).   

4.0. Purinergic Signaling: Cell to Cell Communication 

Neurons are the basic unit to which information is processed in the CNS.  The 

development of electrical stimulation and recording devices has yielded a lot of 

information about communication between neurons, as they propagate fast electrical 

signals or action potentials.   

Glial cells of the brain consist of two classes macroglia, comprise of astrocytes 

and oligodendrocytes and microglia, which are the resident macrophages in the CNS.  

Astrocytes provide metabolic support to neurons such as scavenging neurotransmitters 

released at the synapse; regulate ion and water homeostasis; release neurotrophic 

factors; remove metabolites and waste products; and provide structural support at the 

blood-brain barrier (Chen and Swanson 2003).  The notion that astrocytes were “non-

excitable” support cells has changed in the last 25 years.  Astrocytes are not electrically 

excited but do exhibit intracellular Ca2+ signaling in response to neuronal activity by 

expressing a variety of neurotransmitter receptors and ion channels (Verkhratsky and 

Kettenmann 1996; Vernadakis 1996).   
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Astrocytes also respond to a variety of transmitters in the CNS, such as 

glutamate, norepinephrine, histamine, ACh, ATP and GABA (Shelton and McCarthy 

2000; Kulik et al., 1999; Duffy and MacVicar 1995; Wang et al., 2000; Guthrie et al., 

1999; Cotrina, et al 1998; Haydon 2001). There are two types of Ca2+ signaling: Ca2+ 

oscillation and Ca2+ waves (Cotrina and Nedergaard 2005).  Calcium oscillations are 

repeated monophasic increases of intracellular Ca2+ triggered by exposure to glutamate, 

GABA and ATP.  Ca2+ oscillations are typically limited to within the cell and involve 

activation of PLA2, IP3 and Ca2+ release from intracellular stores (Berridge et al., 2003).  

Long range signaling is propagated by Ca2+ waves; generated by electrical stimulation, 

mechanical stimulation, glutamate, and ATP (Wang et al., 2006).  Calcium waves are 

propagated at a velocity of 8-20 micrometers per second (Haydon 2001; Takana et al., 

2009).  The Ca2+ wave modulating astrocyte-astrocyte signaling is mediated by ATP and 

P2Y receptors (Cortina et al., 1998, 2000; Takano et al., 2009).  Several mechanisms of 

ATP release could come from channel mediated release, exocytosis, connexin 

hemichannels or pannexins (Haydon 2006).  As astrocytes are integrated with neuronal 

synapses, they have the potential to modulate synaptic transmission.  For instance, Ca2+ 

oscillations in astrocytes can initiate neuronal excitation through the release of 

glutamate and/or D-serine and then evoke NMDA-receptor currents (Parri et al., 2001).  

As well, astrocytes have been demonstrated to potentiate synaptic inhibition in the 

hippocampus by GABAB receptor-dependent pathway (Kang et al., 1998).  From these 

experiments, glutamate and ATP/adenosine can mediate astrocyte-neuron signaling 

(Nedergaard et al., 2002). 
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5.0. The Role of Adenosine in Physiological Conditions 

ADO is produced from ATP during conditions of energy depletion and has been 

described as a “retaliatory metabolite” (Newby 1984).  When ADO is released 

extracellularly under these conditions, it acts on A1 receptors to decrease cell activity 

while acting on A2 receptors to increase cerebral blood flow to deliver oxygen and 

glucose.  Therefore decreasing the energy demands of cells will shift toward ATP 

forming processes.   

This view is challenged by the actions of ADO within the CNS at physiological 

conditions.  In normal physiology, ADO and its receptors participate in sleep/awake 

cycles, influence neuronal excitability and regulate cerebral blood flow.  Physiological 

stimuli can increase levels of ADO through increases in temperature (Gabriel et al., 

1998; Masino & Dunwiddie 1999). In addition, caffeine the most widely consumed drug 

in humans is normally consumed for it stimulant properties but is a non-selective ADO 

receptor antagonist.  Furthermore different cell types in the CNS can release AN, which 

can act on P2 receptors or become dephosphorylated by extracellular nucleotidases to 

ADO.  The extracellular ADO and can then act on ADO receptors or be moved into cells 

by nucleoside transporters.   

5.1. Regulation of Sleep and Awake Cycles 

 ADO plays a role in energy homeostasis and plays a role in promoting or 

maintaining sleep and arousal. In animals, the function of sleep is to replenish energy 

stores but also it consolidates information to memory in organisms with well-developed 



30 | P a g e  
 

nervous systems.  Neuronal activity in the brain requires constant supply of energy 

either from glucose or to a smaller extent, glycogen from astrocytic stores.  As neuron 

activity increases so does energy (ATP) consumption and resulting in the end-product 

ADO.  Sleep then replenishes energy rich compounds in the brain (Dworak et al., 2007; 

Magistretti 2009). 

ADO in the basal forebrain appears to regulate sleep and wakefulness. The first 

direct microdialysis measurements in vivo of ADO in the CNS were described in the 

sleep-awake cycles in cats (Porkka-Heiskanen et al 1997, 2000).  ADO levels in the 

forebrain increased during prolonged wakefulness and then decreased during sleep.  

The metabolic enzymes of ADO formation or degradation exhibit diurnal variations.  The 

enzymatic activities of AK, cytosolic and ecto 5’ nucleotidases were low in the cortex 

and forebrain during the rest phase, indicating decreased energy metabolism (Alanko et 

al., 2003).  During wakefulness AK and cytosolic 5’nucleotidases were elevated 

(Mackiewicz et al., 2003). 

The effect of caffeine promotes wakefulness by antagonizing ADO receptors.  

The ADO-mediated sleep/awake cycles in the CNS are attributed to the A1 and A2A 

receptors.  ADO receptor antagonists promote wakefulness (Lin et al., 1997); whereas 

ADO agonists promote sleep (Portas et al., 1997).  Stimulation of the A1 receptors 

increased total sleep or deep sleep by direct application of ADO or A1 agonist N6-

cyclopentyladenosine (CPA) suppressed rapid eye movement (REM) sleep while 

increasing slow-wave sleep (SWS) in nonREM sleep (Benington et al., 1995; Schwierin et 
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al., 1996).  Conversely A1 antagonist 8-cyclopentyltheophylline (CPT) promotes 

wakefulness by decreasing SWS in REM sleep (Strecker et al., 2000).  A1 receptor 

mediated sedation induced by ethanol may be mediated by inhibition of the wake-

promoting neurons in the basal forebrain.  A1 mediated inhibition of basal forebrain 

neurons maybe responsible for the sedative effects of ethanol; correspondingly, 

wakefulness is increased during ethanol withdrawal as well as reduced A1 receptor and 

ENT1 expression (Thakkar et al., 2010; Sharma et al., 2010).  Other evidence suggests 

that A2A receptors may be involved.  The A2A agonist CGS21680 promotes REM and 

nonREM sleep. 

6.0. The Role of Adenosine in Pathophysiological Conditions 

6.1. Adenosine in Neuroprotection  

Extracellular levels of ADO can arise under pathophysiological events such as 

ischemia/hypoxia and seizure activity.  Pathophysiological stimuli greatly enhance 

extracellular levels of ADO.  Activation of the A1 receptors effectively inhibits the release 

of neurotransmitters and hyperpolarizes neurons. In these circumstances, 

neuroprotection by ADO reduces damage to neuronal tissue.  The application of ADO 

receptor antagonists exacerbates damage (Mitchell et al., 1995).   

A brief period of hypoxia or ischemia reduces tissue damage in the brain and 

heart after subsequent ischemic insult (Miura and Tsuchida 1999).   Neuroprotection 

from pre-conditioning of excitable tissues is mediated by the actions of A1 and A3 

receptors (Stambaugh et al 1997, Liang & Jacobson1998).   
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6.1.1. Ischemic/Hypoxic Conditions 

 The energy and metabolic requirements of the brain account for 20% of oxygen 

consumption and 25% glucose utilization (Sokoloff et al., 1977; Kety, 1957). Ischemic 

stroke occurs when there is an interruption of blood flow in the brain.  Thus energy 

requirements cannot be maintained resulting in altered neuronal function and eventual 

cell death (Dirnagl et al., 1999).  Ischemic stroke is the third leading cause of death in 

Canadians.  About $2.7 billion dollars are spent due to physician services, hospital cost, 

loss in wages and productivity.   Currently tissue plasminogen -activator (tPA) is the only 

drug approved for use in stroke patients and even this drug is limited to only a few 

patients, based on the time from stroke onset and numerous patient factors.  The 

pharmacological action of tPA is to activate plasmin to degrade blood clots and restore 

blood flow to ischemic regions. 

 At the cellular level, ischemia causes damage to neurons through consumption 

of oxygen and glucose leading to ATP depletion.   Numerous processes for survival are 

energy-dependent.  Ion gradients, usually maintained by ATP, result in the loss of K+ 

currents and influx of sodium, chloride and calcium ions.  The substantial increase in 

intracellular Ca2+ can activate a whole host of enzymatic processes and cell signaling 

cascades which ultimately lead to apoptosis or necrosis (Orrenius et al., 2003; Penn and 

Loewenstein 1966; Simon et al., 1984).  The loss of ion gradients is also accompanied by 

cellular edema in neurons and glia; generation of reactive oxygen species; excessive 

neuronal depolarization and reduced uptake and enhanced release of excitatory 

neurotransmitters (Dirnagl et al., 1999; Karaszewski et al., 2009, Deb et al., 2010).  
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Glutamate is the main excitatory neurotransmitter in the CNS and has been described to 

have toxic effects on neurons (Olney 1969). Glutamate activates ionotropic N-methyl D-

aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-propionate (AMPA) and kainate 

receptors, all of which mediate cation influx.   

The endogenous levels of ADO increase in hypoxic and ischemic conditions 

(Hagberg et al. 1987; Matsumoto et al. 1992; Latini and Pedata 2001; Rudolphi et al., 

1992b).  The neuroprotection by ADO decreases neuronal excitability; the actions are 

attributed to the A1 receptor, which 1) inhibits glutamate transmitter release (de 

Mendoncą et al., 2000; Fredholm 1996; Rudolphi et al., 1992a);   2) hyperpolarizes 

neurons (Dunwiddie and Masino 2001); and 3) limits Ca2+ entry by inhibition of Ca2+ 

channels (Fredholm 1996; Greene and Hass 1991).  In contrast, activation of the A2A 

receptor exacerbates excitotoxicity by the release of glutamate and aspartate (Popoli et 

al., 1997; Gui et al., 1999).   

Current research in this field is actively investigating stimuli that increase ADO 

concentrations and the contribution of intracellular or extracellular pathways of ADO 

formation under hypoxic and ischemic conditions.  The activation of NMDA receptors 

also increases extracellular ADO levels in experimental conditions. The extracellular ADO 

levels can also be manipulated in vitro through nucleoside transport and eN inhibitors.  

Under in vivo conditions, extracellular formation of ADO was observed with eN 

inhibition in basal and NMDA-stimulated conditions resulting in decreased ADO levels 

(MacDonald and White 1985; Hoehn and White 1990; Craig and White 1993).  As well 
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with nucleoside transporter inhibitor, ADO levels were increased preventing reuptake of 

ADO (Delaney and Geiger 1998).  Other studies report the opposite: in vitro experiments 

with neurons and astrocytes or slice preparations suggest adenosine release from 

intracellular forming pathways (Meghji et al., 1989; Lloyd et al., 1993). 

6.1.2. Epilepsy 

Epilepsy is characterized as a neurological disorder with recurring seizures.  

Mechanisms that modulate neuronal excitability and inhibition are in a state of 

imbalance (Löscher and Köhling 2010).   In addition to inhibitory neuromodulatory 

effects, ADO also exhibits antiepileptic effects and functions as an “endogenous 

anticonvulsant” (Dragunow 1988). At excitatory synapses A1 receptors are abundant.  

Activation of A1 receptors decreases glutamate release and hyperpolarizes neurons and, 

similar to conditions like ischemia, endogenous levels of ADO increase during seizure 

activity (During and Spencer 1992; Boison 2008). 

The anticonvulsant effects of ADO have been demonstrated in numerous 

experimental models.  Administration of ADO agonists showed reduced epileptic activity 

mediated through the activation of A1 receptors (Dunwiddie and Worth 1982; Barraco et 

al., 1984; Zhang et al., 1990).  Although ADO agonists have demonstrated reduced 

epileptic activity, clinically they are not used due to undesirable peripheral effects – 

decreased blood pressure, heart rate and temperature (Dunwiddie 1999). 
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6.2. Adenosine and Neurodegeration  

6.2.1. Parkinson’s Disease 

 Parkinson’s disease (PD) is a progressive neurodegenerative disorder of muscle 

movement characterized by the loss of dopaminergic neurons in the nigrostriatal 

neurons.  Symptoms of PD include tremors, muscular rigidity, bradykinesia, postural and 

gait abnormalities.  The etiology of PD is unknown, but may be due to genetic or 

environmental factors. The current pharmacological treatment for PD is levodopa, (L-

dopa) the precursor to dopamine, which provides symptomatic relief but does not 

reverse neuronal degeneration.  Degeneration of dopaminergic neurons decreases 

dopamine levels, which creates an imbalance of inhibitory dopamine to excitatory ACh 

levels in the striatum.  Levodopa aims to increase levels of dopamine.  After crossing the 

blood brain barrier, levodopa is metabolized to dopamine in the brain.  Carbidopa is a 

dopa decarboxylase inhibitor and is combined with L-dopa to reduce peripheral and GI 

metabolism of L-dopa thereby increasing L-dopa levels in the brain.   

 New therapeutics for PD is directed at the antagonism of A2A receptors and show 

great promise.  In humans, co-localized A2A receptors and D2 receptors were 

demonstrated and shown to inhibit reciprocal antagonistic interactions (Diaz-Cabiale et 

al., 2001).  As well in rats, parkinsonian-like muscle rigidity produced by reserpine or 

haloperidol was antagonized by selective A2A receptor antagonist SCH 58261 and L-

dopa.  The combined administration of SCH 58261 and L-dopa produced a synergistic 

effect to decrease parkinsonian-like muscle rigidity in rats (Wardas et al., 2001).  In a 

similar manner to carbidopa, the co-administration of L-dopa and A2A antagonist will 
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allow lower doses of L-dopa, minimizing side effects and tachyphlaxis.  In non-human 

primate models of PD, administration of selective A2A antagonist KW-6002 also 

potentiated the effects of L-dopa with limited dyskinetic movements (Kanda et al., 1998; 

Grondin et al., 1999).  These results were also reflected in human phase II clinical trials 

with A2A antagonist KW-6002 and L-dopa improved symptoms with minimal side effects.  

The use of KW-6002 was determined to be safe and well tolerated in PD patients 

without increasing dyskinesia (LeWitt et al., 2008).   

 Caffeine is non-selective ADO receptor antagonist and consumption of coffee has 

been associated with reduced risk of PD.  In support of this, caffeine given to rats, at 

doses comparable to human consumption, protected the loss of striatal dopamine 

neurons in the neurotoxin MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine)-

induced mouse model of PD (Chen et al., 2001).  The potential for disease modification 

by caffeine initiated several progressive longitudinal studies. In a large, long term 

prospective study 8000 Japanese-American men in Honolulu Heart Program were 

followed for 30 years.  The risk of PD in non-drinkers vs. heavy coffee drinkers was five 

times higher (Ross et al., 2000).  Three other studies were conducted in ethnically 

diverse large cohorts, involving the Health Professionals’ Follow-Up Study and the 

Nurses’ Health Study (Ascherio et al. 2001) as well as the Finnish Mobile Clinic Health 

Examination Survey (Saaksjarvi et al. 2007).  These studies confirmed the relationship 

between coffee consumption and decreased risk of PD in men. 
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6.3. Adenosine and Mood Disorders  

  Dopamine and glutamate are the main neurotransmitter systems responsible 

for behavior, mood and cognition.  In addition, the regulation of sleep, locomotion, 

anxiety, cognition and memory are regulated by ADO and its receptors (A1 and A2A) 

(Dunwiddie and Masino 2001; Fredholm et al., 2005).  ADO’s interaction with 

dopaminergic and glutaminergic systems implies it has a role in behavior and cognitive 

function.  Alterations in ADO signaling could give rise to psychiatric symptoms in 

anxiety/depression and schizophrenia (Ribero et al., 2003).   

 The basis of this interaction is mediated by the A2A receptor.  Activation of A2A 

receptors regulates neuronal excitability and synaptic plasticity through the release of 

ACh, glutamate and dopamine, but inhibits gamma aminobutyric acid (GABA) 

neurotransmission (Kirk and Richardson 1995; Cunha and Ribeiro 2000; Ciruela et al., 

2006).  In addition A2A receptor has been shown to co-localize with A1 receptor and 

other receptor types such as dopamine D2 receptor, cannabinoid CB1 receptor, 

metabotropic glutamate receptor subtype 5 (mGluR5) and nicotinic ACh receptor 

(Dunwiddie and Masino 2001, Ferre et al., 1991, 2002). 

6.3.1. Anxiety and Depression 

Anxiety has often been associated with caffeine or ethanol consumption.  

Caffeine is a global antagonist to ADO receptors and ethanol inhibits nucleoside 

transporter re- uptake of ADO (Clark and Dar 1989; Nagy et al., 1990; Krauss et al., 

1993).  Some of the behavioral effects of caffeine and ethanol are attributed to the A1 
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and A2A receptors.  Also anxiogenic effects have been observed with A2A receptor 

agonist.  In A2A knockout mice, anxiety-related behaviors were enhanced in relation to 

wild type mice (Ledent et al., 1997; Berrendero et al., 2003 Bilbao et al., 2006).  

Administration of ADO was shown to be anxiolytic whereas treatment with caffeine or 

theophylline induced anxiogenic behaviors at high doses.  The anxiolytic effects of ADO 

were reversed with pretreatment of caffeine or theophylline (Kulkarni et al., 2007). The 

role of A1 or A2A receptors in anxiety still has yet to be defined. 

Depression is a debilitating condition with emotional, cognitive, somatic and 

psychomotor deficits.  Several neurotransmitter systems are implicated in depression 

such as dopaminergic, serotoninergic and corticotrophin systems (Cunha et al., 2008). 

There is evidence to suggest a role of ADO in modulating depression.  Nortriptiline, 

chlorimipramine and desipramine are classical tricyclic antidepressants that have 

binding activity to ADO receptors and show dose-dependent reductions of ecto-

nucleotidase activity (Deckert and Gleiter 1989; Barcellos et al., 1998).  Administration 

of ADO in the periphery orby intra-cerebroventricular injection showed anti-depressant 

effects, while also activating opioid receptors and nitric oxide-cGMP system (Kaster et 

al., 2004, 2005, 2007). Conversely, other studies have shown that ADO showed 

depressant-like effects in behavioral studies (Minor et al., 1994; Woodson et al., 1998; 

Hunter et al., 2003).  Clearly the role of ADO in depression has yet to be defined.  

However, antagonism of the A2A receptor has shown anti-depressant effects.  In animal 

models of depression, tail suspension and forced swim tests, A2A receptor antagonists 

reversed “behavioral despair”.  In addition, the D2 antagonist, haloperidol reversed the 
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effects of A2A antagonism (El Yacoubi et al., 2001, 2003).  This would suggest that 

blockade of A2A receptor restored dopaminergic signaling and alleviated symptoms of 

depression.  Thus a novel therapeutic target in depression could be through the 

modulation of A2A receptors. 

6.3.2. Schizophrenia 

 Schizophrenia is a complex psychiatric disorder associated with cognitive and 

behavioral dysfunctions.  Clinically, schizophrenic symptoms are divided into i) positive 

symptoms characterized by delusions, hallucinations, and disorganized thinking ii) 

negative symptoms including anhedonia, blunted effect and social withdrawal iii) 

affective symptoms such as depression or mania and iv) cognitive deficits indicated by 

poor memory and attention (Ross et al., 2006).  The neurochemical basis for 

schizophrenia has not been determined although several models associate with the 

dopaminergic, glutaminergic, serotonergic, cholinergic, or GABAergic neurotransmitter 

systems (Lara and Souza 2000).  Current pharmacological therapy is based on 

“dopamine-hyper-function” and “glutamate hypo-function” hypothesis of 

schizophrenia.  The positive symptoms are attributed to excessive dopamine release and 

drugs that antagonizes the dopamine D2 receptor, although the effectiveness is limited 

by serious side effects.  The negative and cognitive symptoms in schizophrenia are not 

treated by the blockade of the D2 receptor.  Treatment of these symptoms is thought to 

be increasing glutamate and NMDA receptor activity.  However excessive stimulation of 

the NMDA receptor may result in excitotoxicity (Citri and Malenka 2008; Malenka and 

Nicoll 1993).   
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The neuromodulatory functions of ADO on neurotransmitter release has led to 

the ADO-hypofunction hypothesis which states that dysfunctions in the purinergic 

signaling pathway lead to decreased adenosinergic tone in the brain which leads to the 

imbalance of dopamine and glutamate neurotransmission which account for wide range 

of symptoms in schizophrenia (Lara and Souza 2000, 2006).  For instance, transgenic 

mice with over expression of AK have reduced ADO levels in the brain and subsequent 

down regulation of the A1 and A2A receptors.  These mice exhibited transient increases in 

locomotor activity in novel situations and this activity declined to control or below 

levels, demonstrating locomotor habituation.  Also, the mice showed pronounced 

learning deficits in Morris water maze and in Pavlovian conditioning.  The mice were 

exposed to psychostimulants such as amphetamine and exhibited reduced activity, 

where as NMDA receptor antagonist MK-801 showed increased locomotor reaction (Yee 

et al., 2007).  

In schizophrenic patients, caffeine seems to exacerbate symptoms (De Freitas 

and Schwartz 1979; Lucas et al., 1990; Mayo et al., 1993; Nickell and Uhde 1994), where 

as the nucleoside transport inhibitiors DPR or the xanthine oxidase inhibitor allopurinol 

may offer symptomatic relief (Akhondzadeh et al., 2000, 2005). 

 The A2A receptor in schizophrenia is coupled to D2 receptors in the striatum.  A2A 

receptor agonist appears to act as a D2 antagonist by reducing its function and affinity 

for dopamine.  Also caffeine has been shown to substantially increase dopamine which 

aggravates symptoms of a schizophrenic patient (Powell et al., 2001).  These data 

suggest that activation of A2A receptors could reduce dopamine levels in the striatum. 
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 Alternatively, the hypoactivity of the NMDA receptor could explain the negative 

symptoms of schizophrenia (Olney and Farber 1995; Coyle and Tsai 2004; Farber 2003).  

Inhibition of NMDA receptors is known to impair LTP in animals (Davis et al., 1992, 

Morris, 1989 and Morris et al., 1986). In humans NMDA receptor blockade can give rise 

to impulsive and psychotic-like behavior from psychomimetics phencyclidine (PCP) and 

ketamine (Tonkiss et al., 1988; Farber 2003). Conversely, co-agonists of the NMDA 

receptor, D-serine and glycine have been shown to improve the negative symptoms in 

schizophrenia (Coyle and Tsai 2004; Javitt 2008). The ADO receptors A1 and A2A exhibit 

different modulation profiles of NMDA receptor in the striatum.  The A1 inhibits 

excitatory neurotransmission by decreasing glutamate release; A1 antagonists could 

potentiate glutamate activity and improve cognition (de Mendonca et al., 1995; 

Dunwiddie and Masino 2001; Takahashi et al., 2008).  However, the psychostimulant 

effects from NMDA receptor antagonism could be abolished by A2A receptor antagonism 

in the striatum (Gerevich et al., 1992; Kafka and Corbett 1996; Popoli et al., 1998; 

Wardas et al., 2001).  

6.4. Adenosine and Drugs of Abuse  

Caffeine is widely consumed for its psychostimulant effects and yet not 

considered by the DSM-IV as a drug of abuse.   Mostly consumed for its stimulatory 

effects, caffeine acts as a non-selective ADO receptor antagonist.  Caffeine could be 

described as a drug of abuse because caffeine consumption is habitual, and produces 

tolerance, dependence and withdrawal syndrome after stopping consumption.  On the 
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other hand, drugs of abuse such as ethanol and opiates could be connected to ADO as 

well. 

6.4.1. Ethanol 

Ethanol has been thought to be involved with alterations in ADO metabolism, 

uptake and receptor activity.  The effects of ethanol can be attributed to increased 

levels of ADO in the brain.  Ethanol metabolism results in substantial concentrations of 

acetate and increased AMP levels which is then metabolized to ADO (Carmichael et al., 

1991).  Ethanol has been reported to inhibit ENT1 (Nagy et al., 1990) and the elevated 

ADO levels contribute to the behavioral effects of ethanol.  Ethanol-induced sedation 

and ataxia are attributed to A1 receptor mediated effects.  In rodents, these effects are 

ameliorated if given A1 antagonist (Procter et al., 1985; Barista et al., 2005; Thakkar et 

al., 2010). 

6.4.2. Opiates 

Drug dependence to opiates or stimulants (ex cocaine or heroin) has been 

associated with alterations in LTP, the basis of learning and memory in the brain (Bliss 

and Collingridge 1993).  Chronic use of opiates or heroin leads to impairment of LTP (Pu 

et al., 2002; Salmanzadeh et al., 2003; Bao et al., 2007) contributing to cognitive deficits 

(Cipolli and Galliani, 1987; Guerra et al., 1987; Spain and Newsom, 1991) associated 

with opiate or drug abuse.   

Opiates have been shown to increase release of ADO in the brain spinal cord and 

peripheral nervous system (Fredholm & Vernet 1978, Stone 1981, Cahill et al 1996; 
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Sweeny et al., 1993).  The actions of ADO and ADO agonists also inhibit hippocampal LTP 

through the A1 receptor (Arai et al., 1990; de Mendonça and Ribeiro, 1990; Alzheimer et 

al., 1991; Forghani and Krnjevic, 1995).  Activation of the pleasure and reward centers, 

the nucleus accumbens and ventral tegmental region, showed increased A1 receptor 

activation (Bonci and Williams, 1996; Shoji et al., 1999; Fiorillo and Williams, 2000).  

Recently it was determined that the A1 receptor antagonist 8-cyclopentyl-1, 3-

dipropylxanthine (DPCPX) was able to reverse LTP impairment of hippocampal CA1 and 

improve spatial memory in chronic morphine-induced mice (Lu et al. 2010). 
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Summary 

 Overall, ADO is a neuromodulator, affecting neuronal synaptic transmission in an 

excitatory or inhibitory manner.  The diverse effects of ADO on the CNS are dependent 

on the brain region and ADO receptor subtype.  The regulation of ADO is based on 

activities of metabolizing enzymes and transporters in the intra and extracellular 

pathways.  Neuroprotection by ADO imparts an inhibitory tone on the CNS especially in 

pathophysiological conditions such as ischemia or seizures.  ADO is integrated with 

other neurotransmitter systems.  Irregularities in ADO concentrations or altered 

receptor signaling may give rise to characteristic pathologies.   

A variety of methods used to understand the formation/release of ADO may give 

different conclusions based on the preparations used and stimulus to evoke ADO 

release. Therefore further clarification on ADO production in release mechanisms in 

response to pathological stimuli is required.   
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Chapter 2: Objectives and Rationale 
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Sudden increases in endogenous ADO occur in response to cerebral ischemia.  

The regulation of ADO levels in these conditions has yet to be defined by cellular 

sources and by the pathways of ADO formation.  This research further investigated the 

roles of neurons and astrocytes as sources of ADO in ischemic/hypoxic conditions, as 

well, the contributions of intra- and extracellular pathways of ADO formation.   We used 

genetically modified mice to tease out the cellular contributions and the 

enzymes/transporters involved with production of ADO in ischemic-like conditions.  Two 

mouse models were utilized; the transgenic hENT1 with neuronal specific expression 

and the knockout CD73 with decreased expression of eN in astrocytes.  We modeled 

conditions of ischemia using NMDA, an agonist for the NMDA glutamate receptor on 

neurons, whereas in astrocytes glucose or oxygen-glucose deprivation was used to 

evoke significant ADO release.  Previous research in this laboratory has shown that 

under ATP-depleting conditions neurons directly release ADO whereas astrocytes 

release AN, which is then metabolized to ADO (Parkinson et al., 2002).   

ADO levels in the brain are under control of transporters and enzymes in the 

ADO forming pathways.  ENT1 and ENT2 transporters facilitate the movement of 

nucleosides, including adenosine, across cell membranes.  Both ENT1 and ENT2 

transporters can be inhibited pharmacologically by DPR at micromolar concentrations.  

ENT1 can be inhibited selectively with NBMPR at nanomolar concentrations.  ENT 

knockout mice exhibited decreased ADO levels in the brain, and yet increased levels in 

peripheral regions (Choi et al., 2004; Rose et al., 2011).  Also these mice exhibited 

ischemic cardioprotection, presumably from increased A1 receptor activation (Rose et 



47 | P a g e  
 

al., 2010).  Therefore, transgenic mice with hENT1 expressed under the control of a rat 

promoter for neuron specific enolase were used to evaluate the role of neuronal ENTs in 

the regulation of adenosine levels.  The enzyme eN or CD73 is primarily expressed in 

astrocytes and is an important enzyme for the extracellular formation of ADO.  The 

presence of ATP, ADP or AOPCP inhibits eN at micromolar concentrations.  In rat co-

cultures, stimulated with NMDA, ADO levels were decreased in the presence of AOPCP 

[reference].  Therefore, CD73 knockout mice were used to study the importance of eN 

in the regulation of adenosine levels during excitotoxic conditions.  

Hypothesis 1: ENTs are bi-directional transporters mediating uptake or release.  The 

influx or efflux is dependent on the concentration gradients of ADO or INO.  I 

hypothesize that hENT1 transgenic neurons release greater quantities of purines than 

wild type neurons in response to NMDA. 

Hypothesis 2: The expression eN is primarily found on astrocytes, facilitating the 

metabolism of extracellular AMP to ADO.  I hypothesize that astrocytes from CD73 KO 

mice produce less extracellular ADO than wild type astrocytes in basal conditions and in 

response to glucose and oxygen-glucose depletion.    

Hypothesis 3:  Previous studies have indicated that eN is important for ADO formation 

in brain slices and in co-cultures of neurons and astrocytes.  I hypothesize that co-

cultures containing astrocytes from CD73 KO mice will show less ADO production than 

co-cultures containing wild type astrocytes in response to treatment with NMDA, an 

experimental model of ischemic excitotoxicity.    
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3.1 Materials 

Neurobasal media, Dulbecco’s modified Eagle medium –F12 (DMEM-F12), B-27 

supplement, fetal bovine serum (FBS), L-glutamine, and antibiotic/antimycotic 

(penicillin, streptomycin, amphotericin B) were purchased from Invitrogen (Burlington, 

Ontario, Canada).  [3H]Adenine was purchased from Perkin Elmer (Boston, MA).  

[14C]AMP was purchased from Amersham Biosciences (Baie d’Urfe, Quebec, Canada). 

Silica gel-coated glass plates were obtained from Fisher Scientific (Whitby, Ontario, 

Canada).  Dipyridamole (DPR), α, β-methylene ADP (AOPCP), NBMPR, N-methyl-D-

aspartate (NMDA), glutamic acid, 2-deoxyglucose (2DG), and adenosine monophosphate 

(AMP) were purchased from Sigma-Aldrich Canada (Oakville, ON). 

3.2 Mice 

Transgenic mice on a CD1 background, expressing the transgene containing a rat 

promoter region for neuron specific enolase was coupled to the coding sequence of 

human equilibrative nucleoside transporter 1 (hENT1) (Parkinson et al., 2009)..  To 

obtain neuron cultures enriched in hENT1 expression, either heterozygous (Tg/+) mice 

were mated or heterozygous was mated to homozygous (Tg/Tg).  As controls, CD1 

neuron cultures were obtained from timed pregnant CD1 mice obtained from the 

animal facility. 

CD73 knockout mice were obtained from Dr. Linda Thompson (Thompson et al., 

2004) and bred locally.  Wt C57Bl6 and CD73 KO pups were used at 0-3 days. All 

procedures with animals were in accordance with animal care guidelines set by the 
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Canadian Council on Animal Care approved by the University of Manitoba Animal 

Protocol Management and Review Committee. 

3.3 Cell Culture  

The cerebral cortices from gestational day 17 CD1 or hENT1 mice were isolated 

from whole brain for primary neuron cultures.  Cortices were dissociated with sterilized 

disposable pipette tips (1ml) and glass pipette.  The cells were incubated for 1 hour at 

37oC in 150-cm2 flasks to reduce astrocyte growth in the neuron preparation.  After 

incubation, cells were further dissociated with 21-gauge needle and 10-ml syringe.  Cells 

were plated on poly-D lysine coated 12-well plates.  Neurons were plated in 0.5 ml 

Neurobasal media containing 2% B-27 supplement, 1x antibiotic/antimycotic (100 

units/mL of penicillin, 100 units/mL of streptomycin, and 0.25 units/mL of amphotericin 

B), 500 µM L-glutamine, and 25 µM glutamic acid.  After 4 days in vitro (DIV), half the 

media was replaced with fresh Neurobasal (without glutamic acid) and following this the 

media was changed in this manner every 7 days.  Experiments were performed 24 hours 

after the second media change on 11 DIV. 

Primary astrocytes were cultured from cerebral cortices from C57Bl6 or CD73 

knockout pups (0-3 days).  Once isolated, cortices were triturated several times with 

sterilized disposable pipette tips (1ml) and glass pipettes.  Cells were then centrifuged at 

1500 rpm for 5 min and plated on T-150 flasks.  After 5-7 DIV, flasks were shaken at 300 

rpm for 14 hr to remove microglia.  Astrocytes were fed every three days with DMEM-
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F12 supplemented with 10% FBS and 1% antibiotic/antimycotic.   Astrocytes were used 

after two passages.  For experiments, primary astrocytes were used at 14 DIV.   

The interaction between neurons and astrocytes was studied with co-cultures of 

the two cell types.   Freshly isolated neurons were plated on top of a semi-confluent 

(70%) layer of astrocytes (DIV 7-12) in 12-well plates.   Astrocytes were pre-conditioned 

to Neurobasal media for 24 hrs prior to addition of neurons.  After 4 DIV, half of the 

Neurobasal media was replaced with media lacking glutamic acid.  Co-cultures were 

used in experiments 10 days following addition of neurons. 

3.4 Nucleoside Release Assays 

All experiments with primary neurons, astrocytes or co-cultures used 

physiological buffer in 12-well plates.  Physiological buffers contained a final 

concentration of 25 mM 4-2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES), 2.9 

mM KCl, 1.2 mM MgCl2, 4.9 mM KCl, 1.4 mM KH2PO4, 1 mM CaCl2, 118 mM NaCl, and 11 

mM glucose, and were made to final pH of 7.4, using NaOH or HCl, and an osmolarity of 

300 ± 10 mOsm.  Cells were washed twice with physiological buffer and then incubated 

with 13.7 kBq [3H]ADE for 30 min at 37oC.  The [3H]ADE is taken up by cells and is 

metabolized to [3H] adenine nucleotides (Sinclair et al., 2000).  Cells were washed twice 

again, to remove extracellular tritium.  In experiments with cultured neurons or co-

cultures, cells were treated in 0.5 ml of control (buffer), NMDA (100 µM), the ENT1 and 

ENT2 inhibitor - DPR (30µM), the eN inhibitor AOPCP (50 µM) or the selective ENT1 

inhibitor NBMPR (100nM) for 30 min at 37oC.  After incubation, the supernatants were 
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collected and 0.4 ml was quantified for extracellular radioactivity by scintillation 

spectrometry.  Cells were dissolved in 0.35 ml 1M NaOH overnight at 37oC, 0.2 ml of the 

cell lysate was counted for intracellular radioactivity and 0.15 ml for protein content.   

It has been previously shown that under ATP depleting conditions, astrocytes 

release AN which is then metabolized to ADO (Parkinson and Xiong, 2004).  To examine 

the importance of CD73 for the extracellular appearance of ADO, astrocyte cultures 

from C57Bl6 and CD73 KO mice were used.  Astrocytes were washed with buffer twice 

before incubation with [3H]ADE for 30 min at 37oC.    Astrocytes were then treated with 

buffer (control), glucose deprivation (GD) or oxygen glucose deprivation conditions 

(OGD).  GD was obtained by treating cells for 30 min at 37oC with buffer in which 

glucose was replaced with 2DG (10mM) to inhibit glycolysis and oxidative 

phosphorylation.  For OGD treatment, cells were treated with 2DG containing buffer and 

were placed in a humidified chamber containing 95% N2 and 5% CO2 for 1 hour at 37oC.  

Oxygen content was monitored with ProOx 110 controller and maintained at 2%.  

[3H]Purine release from astrocytes was tested with eN inhibitor AOPCP (50μM) and 

ENT1 and ENT2 inhibitor DPR (30μM). 

3.5 Quantification of Purines 

To identify purines released from astrocytes and neurons, supernatants (20 µl) 

were combined with cold carrier (5 µl) containing AN, INO, HX and ADO, each at 15 mM 

and separated by thin-layer chromatography (TLC) as described by Schrader and Gerlach 

(1976).  Samples were spotted on gel-silica plates.  Separation was done in solvent 
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containing n-butanol, ethyl acetate, methanol and ammonium hydroxide (7: 4: 3: 4).  

Purines separated in the following order, from the bottom: AN  INO  HX  ADO.   

This method does not separate ATP, ADP or AMP they run together as AN.  Spots were 

visualized under UV light, marked, scraped off the plates and dissolved in 500µl 0.2 M 

HCl for 1 hour.  Scintillation fluid (5mL) was added to determine radioactivity by 

scintillation spectrometry.  

3.6 Ecto 5’-nucleotidase Assay 

eN activity was assessed from wild type (C57bl6) and knockout (CD73 KO) cell 

cultures and tissue samples.  For cell cultures, primary astrocytes were grown on 12 well 

plates.  The medium was aspirated from wells and cells were washed twice with buffer.  

Cells were then incubated with 30 µM DPR in buffer for 15 min at room temperature.  

Following this, 1.85 kBq [14C]AMP (10 µM) containing 30 µM DPR with or without 50 µM 

AOPCP was added to cells for 10 min at room temperature.  DPR was included in the 

assays to minimize cellular uptake of any [14C]ADO formed.  After incubation the 

extracellular medium was extracted and assayed for [14C]purines by TLC and scintillation 

spectroscopy.  Cells were lysed with 1.0M NaOH and measured for intracellular [14C] 

purines and protein content. 

To determine eN activity in brain tissue, cortices were homogenized in 0.32 M 

sucrose with glass/Teflon homogenizer.  The homogenate was centrifuged at 1000g for 

10 min and the pellet was washed twice in 0.32 M sucrose solution.   The supernatants 

were collected at the end of each wash step, up to three times.  The pooled supernatant 
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was centrifuged a final time at 20,000g for 45 min at 4oC.  Following this, the 

supernatant was discarded and the pellet was resuspended in HEPES buffer (110 mM 

NaCl, 25 mM glucose, 68.3 mM sucrose, 5.3 mM KCl, 1.8 mM CaCl, 1.0 mM MgSO4 and 

20mM HEPES, pH 7.4) and then assayed for protein content.  Samples were stored at – 

80oC.   

Tissue eN assay was performed with total reaction volume of 0.3 ml.  This 

mixture consisted of 0.1ml cortex membrane protein, prepared to final concentrations 

of 10 µg/ml, 50 µg/ml and 100µg/ml, 0.1ml [14C]AMP (300µM) and 0.1 ml of buffer with 

or without AOPCP (50 µM).  After 10 min incubation, samples were centrifuged for 2 

min to collect supernatant to assess radioactivity and [14C] purine content by TLC.   

3.7 Statistical Analysis 

All data are reported as means ± SEM.  Data were obtained from a minimum of 

three independent experiments, each completed in triplicate.   Statistical significance 

was determined by one-way ANOVA.  Post hoc analyses with Dunnett’s or Tukey’s post 

hoc tests were used to compare control to other experimental conditions.  In some 

cases differences between two means was determined with student’s t-tests.  Two way 

ANOVAs were used to compare two factors (i.e. cell-type or co-culture) with multiple 

observations (i.e. purines).  All graphs and statistics generated were done on GraphPad 

Prism version 5.01. 
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4.1 Activation of the NMDA receptor evoked ADO and INO release from 

Tg hENT1 neurons. 

Transgenic (Tg) hENT1 cortical neurons were cultured to assess release of 

[3H]purines AN, ADO, INO, and HX.  Basal levels of extracellular purines from CD1 and 

hENT1 neurons are outlined in Table 4.1. The most abundant purine in neuron cultures 

was INO, followed by AN and HX.  INO, HX and ADO were comparable between cell 

types, however AN was significantly greater in Wt than Tg cells. 

In both CD1 and hENT1 neurons, NMDA-treatment stimulated INO and ADO 

release (Figure 4.1; Table 4.2).  NMDA-evoked ADO release from Tg neurons was greater 

than CD1 neurons (0.74 vs. 0.51 pmol/mg; Table 4.2).  INO levels were also significantly 

increased by NMDA (1.69 vs. 1.27 pmol/mg; p < 0.001; Table 4.2).  The ENT1 and ENT2 

inhibitor DPR attenuated these NMDA-induced increases.  The eN inhibitor AOPCP did 

not decrease NMDA-evoked INO or ADO release in CD1 and hENT1 neurons.  The 

selective inhibitor of ENT1, NBMPR also did not affect NMDA induced ADO or INO 

release (Figure 4.2).  Between the two cell types, control levels of ADO or INO were 

comparable, although the extent of NMDA stimulation in hENT1 neurons was far greater 

in hENT1 than CD1 neurons (Table 4.3 and 4.4). 

In wt neurons, there were no differences in the levels of AN and HX when 

stimulated with NMDA, also the effect of DPR, AOPCP or NBMPR did not decrease AN or 

HX levels (Figure 4.3).  Conversely, with Tg hENT1 neurons, NMDA significantly increased 

levels of AN and HX.  In some experiments, AN was also increased by NMDA.  Between 
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wt CD1 and Tg hENT1 neurons there were no significant differences in the levels of AN 

or HX when stimulated with NMDA (Table 4.3 and 4.4). Figure 4.3 shows some 

differences between CD1 and Tg hENT1. 

 

Table 4.1:  Basal levels of AN, INO, HX and ADO, released from CD1 and hENT1 neurons 

 

 

Neurons were pre-incubated with [3H]ADE.  Extracellular media was collected from 

primary cultured neurons in the control condition after 30 min at 37oC.  Samples were 

analyzed for AN, ADO, INO and HX.  Data are expressed as means (pmol/mg) ± SEM (n = 

63). Data were analyzed by two-way ANOVA with Bonferroni post hoc analysis; ** p < 

0.01. 

 

 

 

[3H]Purines  CD1 hENT1 P-value 

AN 0.30 ± 0.03 0.16 ± 0.01 **P<0.01 

ADO 0.14 ± 0.02 0.11 ±0.01 P > 0.05 

INO 0.39 ± 0.03 0.33 ±0.03 P > 0.05 

HX 0.13 ± 0.01 0.10 ±0.01 P > 0.05 
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Figure 4.1: The effect of NMDA-evoked A) ADO, B) INO, C) AN and D) HX release from wt 

CD1 and Tg hENT1 neurons.    

Cells were pre-incubated with [3H]ADE for 30 min at 37oC. Neurons were stimulated 

with 100μM NMDA for another 30 min.  The supernatants were collected and assayed 

for [3H]purines by TLC and scintillation spectroscopy.  Data are expressed as means 

(pmol/mg) ± SEM (n = 62-63). Differences between the two means were determined by 

Student’s T test; *** p < 0.001, * p < 0.05. 
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Table 4.2: The average NMDA-evoked [3H]purine release from CD1 and hENT1 neurons 

[3H]purines CD1 hENT1 P-value 

AN 0.39 ± 0.03 0.28 ± 0.03 * P < 0.05 

ADO 0.51 ± 0.03 0.74 ± 0.01 *** P < 0.001 

INO 1.27 ± 0.12 1.69 ± 0.02 * P < 0.05 

HX 0.23 ± 0.04 0.27 ± 0.08 P > 0.05 

 

Neurons were pretreated with [3H]ADE for 30 min and then treated with 100µM NMDA 

at 37oC.  Samples were taken after 30 min, separated by TLC and analyzed by 

scintillation spectroscopy.  Data are expressed as means (pmol/mg) ± SEM (n = 62-63). 

Data were analyzed by Student’s T test; *** p < 0.001, * p < 0.05. 
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Table 4.3: Extracellular values ([3H]purines) from CD1 neuron release experiments.   

Treatment AN(pmol/mg) ADO(pmol/mg) INO(pmol/mg) HX(pmol/mg) 

Control 0.27±0.05 0.17±0.05 0.49±0.08 0.16±0.02 

DPR 0.32±0.08 0.07±0.02 0.15±0.04 0.15±0.02 

NMDA 0.44 ±0.07 0.58 ± 0.07*** 1.48±0.18*** 0.21±0.03 

DPR + NMDA 0.45 ±0.07 0.13±0.02+++ 0.30±0.05+++ 0.24±0.03 

Control 0.28±0.07 0.12±0.02 0.32±0.04 0.12±0.02 

AOPCP 0.28±0.07 0.11±0.01 0.31±0.04 0.12±0.02 

NMDA 0.33±0.06 0.50±0.05*** 1.06±0.17*** 0.19±0.03 

AOPCP + NMDA 0.36±0.05 0.43±0.06*** 0.93±0.15** 0.17±0.03 

Control 0.36±0.06 0.13±0.01 0.36±0.03 0.11±0.02 

NBMPR 0.33±0.05 0.10±0.01 0.35±0.03 0.11±0.02 

NMDA 0.39±0.05 0.46±0.05*** 1.27±0.21 *** 0.30±0.10 

NBMPR + NMDA 0.38±0.05 0.52±0.03*** 1.40±0.21*** 0.22±0.03 

 

Primary cultured neurons were pre-treated with [3H]ADE for 30 min.  At 37oC, CD1 

neurons were treated with 30 µM DPR, 50 µM AOPCP or 100nM NBMPR alone or in 

combination with 100 µM NMDA.  The extracellular media was collected and analyzed 

for [3H]purines. Data are expressed as means (pmol/mg) ± SEM (n = 20-21).  Analysis 

was performed by one-way ANOVA and post-hoc analysis with Tukey’s tests; *** p < 

0.001, ** p < 0.01, * p < 0.05 relative to control level of purine and +++ p < 0.001, ++ p < 

0.01 or + p < 0.05 relative to NMDA treatment. 
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Table 4.4: Extracellular values ([3H]purines)  from hENT1 neuron release experiments.   

Treatment AN(pmol/mg) ADO(pmol/mg) INO(pmol/mg) HX(pmol/mg) 

Control 0.18±0.03 0.11±0.01 0.36±0.05 0.12±0.02 

DPR 0.14±0.01 0.03±0.01 0.07±0.01 0.13±0.01 

NMDA 0.29±0.04 0.72±0.05*** 1.67±0.28*** 0.43±0.07*** 

DPR + NMDA 0.33±0.05* 0.17±0.02+++ 0.34±0.06+++ 0.23±0.02++ 

Control 0.13±0.02 0.10±0.01 0.29±0.04 0.09±0.01 

AOPCP 0.11±0.02 0.09±0.01 0.27±0.04 0.09±0.01 

NMDA 0.23±0.04 0.74±0.07*** 1.67±0.28*** 0.18±0.03** 

AOPCP + NMDA 0.30±0.04*** 0.68±0.07*** 1.69±0.23*** 0.19±0.02** 

Control 0.17±0.01 0.11±0.01 0.34±0.04 0.09±0.01 

NBMPR 0.14±0.01 0.10±0.01 0.31±0.04 0.09±0.01 

NMDA 0.33±0.04** 0.75±0.04*** 1.74±0.26*** 0.20±0.02** 

NBMPR + NMDA 0.31±0.04** 0.70±0.04*** 1.84±0.27*** 0.22±0.02*** 

 

Primary cultured neurons were pre-treated with [3H] ADE for 30 min.  hENT1 neurons 

were treated with 30 µM DPR, 50 µM AOPCP or 100nM NBMPR alone or in combination 

with 100 µM NMDA.  The extracellular media was collected and analyzed for 

[3H]purines. Data are expressed as means (pmol/mg) ± SEM (n = 21).  Analysis was 

performed by one-way ANOVA and post-hoc analysis with Tukey’s tests; *** p < 0.001, 

** p < 0.01, * p < 0.05 relative to control level of purine and +++ p < 0.001, ++ p < 0.01 

or + p < 0.05 relative to NMDA treatment. 
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Figure 4.2:  Comparison between ADO and INO release from wt CD1 and Tg hENT1 

neurons.    

Cells were pre-incubated with [3H]ADE and then with treatment A) DPR, B) AOPCP or C) 

NBMPR with or without 100 μM NMDA. Extracellular fluid was collected and analyzed 

by TLC and scintillation spectroscopy.  Data are expressed as mean ± SEM (n = 20-21). 

Statistical analysis between control and treatment groups for wt CD1 or Tg hENT1 

neurons was performed by one-way ANOVA and post hoc analysis with Tukey’s tests.  

*** P < 0.001; ** P < 0.05, * P < 0.01 compared with CD1 or hENT1 treatment control. 

+++ P < 0.001 compared to CD1 NMDA or hENT1 NMDA treatment.    
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Figure 4.3: Comparison between AN and HX release from wt CD1 and Tg hENT1 neurons.    

Cells were pre-incubated with [3H]ADE and then with treatment A) DPR, B) AOPCP or C) 

NBMPR with or without 100 μM NMDA. Extracellular fluid was collected and analyzed 

by TLC and scintillation spectroscopy.  Data are expressed as mean ± SEM (n = 20-21). 

Statistical analysis between control and treatment groups for wt CD1 or Tg hENT1 

neurons was performed by one-way ANOVA and post hoc analysis with Tukey’s tests.  

*** P < 0.001; ** P < 0.05, * P < 0.01 compared with CD1 or hENT1 treatment control. 

++ P < 0.01 compared to CD1 NMDA or hENT1 NMDA treatment.    
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4.2 AOPCP inhibits ADO production in wt C57Bl6 but not in knockout 

CD73 astrocytes. 

We examined the activity of membrane bound eN in brain tissue and cell culture 

of wt C57bl6 (C57) and knockout CD73 (CD73 KO) astrocytes.  The eN catalyzes the last 

step from AMP to ADO in the extracellular pathway.  In figure 4.4, wt astrocyte cultures, 

eN was able to convert [14C]AMP to [14C]ADO, although this action was inhibited by 

AOPCP.  CD73 KO astrocytes lack expression of eN.  As expected the [14C]ADO levels 

from control were low (0.13 ± 0.01 pmol/mg) and did not significantly change in the 

presence of AOPCP (0.10 ± 0.01 pmol/mg).   

In tissue eN assays, membrane proteins were extracted from cortical tissues 

from wt C57 and CD73 KO mice.  Figure 4.5 shows the levels of [14C]purines AN, INO, HX 

and ADO in both wt C57 and CD73 KO tissues. The effect of AOPCP to decrease ADO 

levels was seen in wt C57 protein samples.  However in CD73 KO samples, ADO 

formation was low and AOPCP had no effect to decrease it.  Three different protein 

concentrations were assayed for ecto-5’nucleotidase activity with similar results.   

 

 

 

 

 



68 | P a g e  
 

 

 

 



69 | P a g e  
 

 

 

 

 

Figure 4.4: Ecto-5’ nucleotidase assay from A) wt C57 and B) CD73 knockout primary 

cultured astrocytes.   

Cells were first treated with 30 μM DPR for 15 min.  Astrocytes were then treated for 10 

minutes with a reaction mixture containing final concentrations of 10 μM [14C]AMP, 30 

μM DPR in buffer with or without 50 μM AOPCP.  Afterwards, supernatant was collected 

for TLC and quantified by scintillation spectrometry.  Data are expressed as mean ± SEM 

(n = 18). Statistical analysis between treatment groups was performed by student’s T 

test. *** P < 0.001.    
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Figure 4.5: Ecto-5’ nucleotidase assay from cortical tissues from A) wt C57 and B) CD73 

KO mice.   

Membrane proteins were extracted from tissue and 10 μg/ml, 50μg/ml, or 100μg/ml of 

protein was assayed.  After 10 min incubation, with or without AOPCP and [14C]AMP, 

the extracellular supernatant was collected for AN, INO, HX and ADO by TLC and 

quantified by scintillation spectroscopy.  Analysis was performed by one-way ANOVA 

with Tukey’s post hoc analysis.  Data are expressed as means ± SD (n = 2). *** P < 0.001, 

** p < 0.01  
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4.2.1 CD73 Knockout astrocytes produce less ADO, more AN and similar INO 

and HX levels in comparison to wt astrocytes. 

Primary cultured astrocytes from wt C57 and CD73 KO mice were compared to 

assess AN, INO, HX and ADO release under physiological buffer (control), GD or OGD 

conditions.  As shown previously by Parkinson et al 2004 using Sprague Dawley rat, 

astrocytes produce ADO by releasing AN with subsequent dephosphorylation reactions 

by eN.  Figure 4.6 compares the extracellular levels of total purines from wt C57 and 

CD73 KO astrocytes when treated with control, GD or OGD conditions. Relative to buffer 

treatment, [3H]purines released by both types of astrocytes increased with metabolic 

stress.  There was no significant difference in total purine release between wt and CD73 

KO astrocytes.  

Table 4.5, further breaks down the amount of [3H]purines AN, INO, HX or ADO in 

control, GD or OGD conditions.  Compared to wt C57 astrocytes, the CD73 KO cells 

produced significantly less ADO in all three conditions.  There were no significant cell 

type differences in INO or HX release.  A trend towards higher levels of AN in KO relative 

to wt astrocytes was observed in control and GD conditions; this difference was 

statistically significant in OGD conditions. 
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Figure 4.6: Total extracellular [3H]purines (dpm/mg) in control, GD, or OGD conditions. 

Extracellular media was collected after 30 min (control, GD) or 1 hour (OGD) from wt 

C57 or CD73 KO astrocytes.  Total [3H]purines released was counted using a scintillation 

spectrometer.  Data are expressed as mean ± SEM (n = 20).  Statistical analysis between 

control and treatment groups for wt C57 or CD73 KO astrocytes was performed by two-

way ANOVA and Bonferroni’s post hoc analysis.  No significant differences were 

detected between wt C57 and CD73 KO astrocytes. 
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Table 4.5:  Extracellular [3H]purine levels of AN, INO, HX and ADO, released from wt C57 

or CD73 KO astrocytes under control, GD or OGD conditions.   

 

 
Control GD OGD 

 
C57 CD73 KO C57 CD73 KO C57 CD73 KO 

AN 1.17±0.13 1.25±0.14 1.07±0.12 1.29±0.13 0.98±0.11 
1.80±0.32

** 

ADO 0.38±0.02 
0.06±0.07

*** 
0.39±0.03 

0.06±0.01
*** 

0.70±0.06 
0.09±0.01

*** 

INO 0.36±0.02 0.40±0.05 1.52±0.19 1.49±0.28 3.96±0.53 3.63±0.74 

HX 1.04±0.09 1.21±0.12 2.52±0.30 2.08±0.24 5.62±0.72 4.40±0.64 

 

Extracellular media was collected from wt C57 or CD73 KO astrocytes in control (buffer), 

GD or OGD conditions.  [3H]Purines was separated by TLC and analyzed by scintillation 

spectrometer.  Data are expressed as mean ± SEM (n = 20).  Statistical analysis between 

control and treatment groups for wt C57 or CD73 KO astrocytes was performed by two-

way ANOVA and Bonferroni’s post hoc analysis.  *** p < 0.001, ** p < 0.01, relative to 

wt. 
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In figure 4.7, control levels of ADO in wt C57 were significantly higher than CD73 

KO (0.38 ± 0.02 vs. 0.06 ± 0.01 pmol/mg; Table 4.5).  In wt C57 astrocytes, inhibition of 

ENT1 transporter did not decrease ADO levels; rather it elevated ADO to 0.54 ± 0.05 

pmol/mg. In CD73 KO astrocytes, DPR did not significantly change ADO levels (0.05 ± 

0.01 pmol/mg).  Inhibition of eN with AOPCP did significantly decrease ADO levels in wt 

C57 astrocytes to 0.18 ± 0.02 pmol/mg. However, in CD73 KO astrocytes, ADO levels 

were not significantly altered.  

In GD conditions (Figure 4.7b), ADO levels did not change, relative to control 

conditions in both wt C57and CD73 KO astrocytes.  In wt C57 astrocytes, the effect of 

DPR elevated ADO levels but this was not statistically significant.  AOPCP significantly 

decreased ADO levels.  In CD73 KO astrocytes, ADO levels were not affected by DPR or 

AOPCP treatment.   

Under OGD conditions (Figure 4.7c), ADO levels, in C57 astrocytes were elevated 

to 0.70 ± 0.06 pmol/mg.  With the addition of DPR, ADO levels significantly increased to 

1.00 ± 0.08 pmol/mg.  Conversely, the presence of AOPCP decreased ADO levels to 0.24 

± 0.02 pmol/mg.  In contrast, ADO levels in CD73 KO astrocytes were unaffected by OGD 

conditions and also unaltered by the presence of DPR or AOPCP. 

In astrocytes, the main pathway of ADO formation is through the extracellular 

pathway; AN are released into the extracellular environment and then 

dephosphorylated to ADO.  Wt C57 astrocytes showed a decreasing trend in AN levels in 

control, GD, and OGD conditions (Table 4.5 and 4.6).  For CD73 KO astrocytes, AN levels 
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were unaffected by GD but were significantly increased by OGD (Table 4.5 and 4.7).  The 

ENT1 inhibitor, DPR did not affect AN levels in either cell type.  In the presence of 

AOPCP, AN levels were significantly increased in wt C57 astrocytes in control, GD and 

OGD conditions. However in CD73 KO astrocytes, AOPCP did not affect AN levels (Figure 

4.7).      

INO levels were similar between wt C57 and CD73 KO cells, in all three treatment 

conditions.  However, INO was significantly increased by GD and OGD in both cell types 

(Table 4.5, 4.6 and 4.7).  In both cell types, levels of INO were significantly decreased in 

the presence of DPR but not affected by AOPCP (Figure 4.8; Tables 4.6 and 4.7).  

Similarly, levels of HX were similar between wt and KO cells in all three treatment 

conditions (Figure 4.8; Table 4.6 and 4.7).  In wt, DPR produced a significant decrease in 

HX in control, but not in GD or OGD conditions; this was not observed in CD73 KO 

astrocytes.  In wt cells, AOPCP had no effect on HX levels, but in CD73 KO cells, AOPCP 

produced a significant increase in HX in GD but not in control or OGD conditions. 
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Table 4.6: Extracellular [3H]purines from wt C57 astrocyte release from basal, GD or 

OGD conditions.   

Treatment AN(pmol/mg) ADO(pmol/mg) INO(pmol/mg) HX(pmol/mg) 

Control 1.17±0.13 0.38±0.02 0.36±0.02 1.04±0.09 

DPR 1.39±0.18 **0.54±0.05 ***0.14±0.01 *0.71±0.09 

AOPCP *1.76±0.19 ***0.18±0.02 0.36±0.03 1.14±0.10 

GD 1.07±0.12 0.39±0.03 1.52±0.19 2.52±0.30 

GD + DPR 1.09±0.15 0.44±0.04 ***0.18±0.03 1.82±0.13 

GD + AOPCP *1.69±0.21 ***0.20±0.02 1.48±0.15 2.73±0.24 

OGD 0.98±0.11 0.70±0.06 3.96±0.53 5.62±0.72 

OGD + DPR 1.28±0.16 ***1.00±0.08 ***0.51±0.12 4.70±0.50 

OGD + AOPCP ***2.067±0.18 ***0.24±0.02 3.85±0.48 6.21±0.65 

 

Extracellular media was collected from primary cultured wt C57 astrocytes in control 

(buffer), GD or OGD conditions.  [3H]Purines was separated by TLC and analyzed by 

scintillation spectrometer.  Data are expressed as pmol/mg ± SEM (n=20).  Analysis was 

performed by one-way ANOVA and post-hoc analysis with Dunnett’s Multiple 

Comparison Test; *** p < 0.001, ** p < 0.01, * p < 0.05 relative to control level of 

purine. 
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Table 4.7: Extracellular [3H]purines from CD73 KO astrocyte release from basal, GD or 

OGD conditions.   

Treatment AN(pmol/mg) ADO(pmol/mg) INO(pmol/mg) HX(pmol/mg) 

Control 1.25±0.14 0.06±0.01 0.40±0.05 1.21±0.12 

DPR 1.39±0.13 0.05z±0.01 0.08±0.01*** 1.47±0.22 

AOPCP 1.50±0.20 0.04±0.01 0.43±0.08 1.10±0.10 

GD 1.29±0.13 0.06±0.01 1.49±0.28 2.08±0.24 

GD + DPR 1.61±0.21 0.05±0.01 0.15±0.03** 1.95±0.25 

GD + AOPCP 1.57±0.27 0.07±0.02 2.18±0.42 3.07±0.41* 

OGD 1.80±0.32 0.09±0.01 3.63±0.74 4.40±0.64 

OGD + DPR 2.36±0.54 0.11±0.02 0.32±0.06** 3.57±0.60 

OGD + AOPCP 2.30±0.41 0.21±0.08 4.64±0.91 5.57±0.74 

 

Extracellular media was collected from primary cultured CD73 KO astrocytes in control 

(buffer), GD or OGD conditions.  [3H]Purines was separated by TLC and analyzed by 

scintillation spectrometer.  Data are expressed as pmol/mg ± SEM (n=18 - 20).  Analysis 

was performed by one-way ANOVA and post-hoc analysis with Dunnett’s Multiple 

Comparison Test; *** p < 0.001, ** p < 0.01, * p < 0.05 relative to control level of 

purine. 
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Figure 4.7: Comparison between ADO and AN release from wt C57 or CD73 KO astrocyte 

cultures. 

Cells were pre-incubated with [3H] ADE and then treated with DPR or AOPCP in A) buffer 

(control) B) GD or C) OGD conditions.  For control and GD conditions, extracellular fluid 

was collected after 30 min.  In OGD conditions, the supernatants were collected after 1 

hour in a humidified chamber containing 95% N2 and 5% CO2 at 37oC.  [3H]Purines were 

separated by TLC and analyzed by scintillation spectroscopy.  Analysis was done by one-

way ANOVA with post hoc analysis using Dunnett's Multiple Comparison Test.  Data are 

expressed as mean ± SEM (n = 18 - 20). *** P < 0.001; ** P < 0.01, * P < 0.05 compared 

with C57 or CD73 KO treatment control.   
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Figure 4.8: Comparison between INO and HX release from wt C57 or CD73 KO astrocyte 

cultures. 

Cells were pre-incubated with [3H] ADE and then treated with DPR or AOPCP in A) buffer 

B) GD or C) OGD conditions.  For control and GD conditions, extracellular fluid was 

collected after 30 min; OGD was collected after 1 hour in humidified chamber 

containing 95% N2 and 5% CO2 at 37oC.  [3H]Purines were separated by TLC and analyzed 

by scintillation spectroscopy.   Analysis was done by one-way ANOVA with post hoc 

analysis using Dunnett's Multiple Comparison Test.  Data are expressed as mean ± SEM 

(n = 18 - 20).   *** P < 0.001; ** P < 0.05, * P < 0.01 compared with wt C57 or CD73 KO 

treatment control.  
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4.3 Role of ecto-5’nucleotidase in NMDA-evoked purine release from 

neuron-astrocyte co-cultures comprised of wild type (CD1) neurons and 

wt or CD73 KO astrocytes 

 

To look at the role of eN in ADO formation, we established co-cultures using wt 

neurons (CD1) with wt (C57) or knockout astrocytes (CD73).  Previous studies have 

shown that astrocytes affect the purine profile of release from neurons (Zamzow et al., 

2008).  Two co-cultures were compared 1) wild type (CD1-C57) and 2) eN deficient (CD1-

CD73 KO).   

Basal levels of [3H]purines AN, INO, HX and ADO from wt and eN- co-cultures are 

outlined in Table 4.8.  In eN deficient cultures, HX levels were significantly greater than 

in wt co-cultures (p<0.001). NMDA stimulation in rat co-cultures increases both INO and 

ADO levels (Zamzow et al., 2008a, b).  From figure 4.9, the average levels of ADO in 

NMDA-treated  wt co-cultures was 0.52 ± 0.05 pmol/mg and in eN deficient cultures was 

0.38 ± 0.01 pmol/mg (Table 4.9).  Statistical analysis showed that this difference was 

significant P < 0.01 (Figure 4.9).  The average control levels for INO in wt (CD1-C57) and 

eN deficient (CD1-CD73 KO) was 0.77 ± 0.09 vs. 1.52 ± 0.12 pmol/mg respectively (Table 

4.8). However NMDA-induced INO production showed no significant differences in INO 

release between wt (CD1-C57) and eN deficient (CD1-CD73 KO) cultures (Figure 4.9b). 
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Table 4.8: Average basal levels of [3H]purines from wt (CD1-C57) and eN deficient (CD1-

CD73) co-cultures. 

[3H]purines CD1-C57 CD1 CD73 KO P-value 

AN 0.40±0.04 0.76±0.05 P > 0.05 

ADO 0.16±0.02 0.16±0.01 P > 0.05 

INO 0.77±0.09 1.52±0.12 P > 0.05 

HX 2.19±0.36 5.82±0.60 ***P < 0.001 

 

Co-culture of neurons and astrocytes were pre-incubated with [3H]ADE.  Extracellular 

media was collected from both co-cultures in the control condition after 30 min at 37oC.  

Samples were analyzed for AN, ADO, INO and HX.  Data are expressed as means 

(pmol/mg) ± SEM (n = 27-33). Data were analyzed by two-way ANOVA with Bonferroni 

post hoc analysis; ** p < 0.01. 
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Table 4.9: Average extracellular NMDA-evoked [3H]purine release from wt (CD1-C57) 

and eN deficient (CD1-CD73) co-cultures 

[3H]purines CD1-C57 CD1-CD73 KO P-value 

AN 0.39±0.02 0.66±0.04 *** P < 0.001 

ADO 0.52±0.05 0.38±0.01 ** P < 0.01 

INO 1.68±0.19 2.08±0.11 P > 0.05 

HX 1.87±0.26 5.58±0.56 *** P < 0.001 

 

Cells were pre-incubated with [3H]ADE for 30 min.  Extracellular media was collected 

from co-cultures in the control condition after 30 min at 37oC.  Samples were analyzed 

for AN, ADO, INO and HX.  Data are expressed as means (pmol/mg) ± SEM (n = 26-33). 

Data were analyzed by Student’s T test; *** p < 0.001, ** p < 0.01. 
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Figure 4.9:  The effect of NMDA-evoked release of A) ADO B) INO C) AN and D) HX from 

wt (CD1-C57) and eN deficient (CD1-CD73) co-cultures. 

Cells were pre-incubated with [3H] ADE for 30 min and then treated with 100 μM NMDA. 

Supernatants were collected after 30 min incubation at 37oC.  [3H]Purines were 

separated by TLC and analyzed by scintillation spectroscopy.  Data are expressed as 

mean ± SEM (n = 27-33). Data were analyzed by Student’s T test; *** p < 0.001, ** p < 

0.01. 
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Between the two cell culture types, there were no significant differences in the 

amount of ADO released when treated with DPR, AOPCP or NBMPR (Figure 4.10).  In wt 

co-cultures, DPR inhibited NMDA-induced ADO release, whereas the eN inhibitor, 

AOPCP, and the selective ENT1 inhibitor NBMPR did not affect ADO levels.  In eN 

deficient cultures, DPR, but not AOPCP or NBMPR, significantly decreased NMDA-

evoked ADO release (Figure 4.10). 

DPR showed a trend to decrease INO release from wt cultures; this was 

statistically significant in eN deficient cultures.  AOPCP had no effect on INO release 

from either culture.  NBMPR significantly decreased INO release from eN deficient 

cultures but not wt cultures.  NMDA did not consistently increase INO release from co-

cultures.   

AN levels in wt or eN deficient cultures were unaffected by DPR, AOPCP or 

NBMPR.  In addition, AN levels were not affected by NMDA.  However, AN levels were 

consistently higher in eN deficient cultures than in wt cultures (Figure 4.11). 

HX was the most abundant purine released by wt and eN deficient cultures, HX 

levels were not affected by NMDA, DPR, AOPCP or NBMPR in both CD1-C57bl6 and CD1-

CD73 co-cultures (Figure 4.11). 
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Table 4.10: Extracellular [3H]purine values from wt (CD1-C57) co-culture.   

Treatment AN ADO INO HX 

Control 0.39±0.05 0.13±0.02 0.87±0.16 2.30±0.56 

DPR 0.43±0.04 0.12±0.01 0.27±0.02 2.82±0.39 

NMDA 0.38±0.02 ***0.46±0.09 *1.73±0.34 1.95±0.40 

DPR + NMDA 0.39±0.04 +++0.14±0.02 +++0.32±0.05 1.72±0.25 

Control 0.30±0.02 0.15±0.03 0.54±0.10 1.74±0.56 

AOPCP **0.46±0.04 0.13±0.01 0.65±0.11 2.11±0.61 

NMDA 0.35±0.03 ***0.52±0.08 1.34±0.30 1.48±0.45 

AOPCP + NMDA 0.36±0.03 **0.44±0.09 1.86±0.64 1.74±0.59 

Control 0.61±0.12 0.20±0.04 1.06±0.19 2.92 ±0.83 

NBMPR 0.50±0.02 0.21±0.03 0.86±0.17 3.02±0.73 

NMDA 0.47±0.02 **0.63±0.09 *2.22±0.29 2.46±0.51 

NBMPR + NMDA 0.40±0.05 **0.62±0.10 1.74±0.31 2.04±0.46 

 

Co-cultures were pre-treated with [3H] ADE for 30 min.  Then wt co-cultures were 

treated with 30 µM DPR, 50 µM AOPCP or 100nM NBMPR alone or in combination with 

100 µM NMDA.  The extracellular media was collected and analyzed for [3H]purines. 

Data are expressed as means (pmol/mg) ± SEM (n = 6-12).  Analysis was performed by 

one-way ANOVA and post-hoc analysis with Tukey’s tests; *** p < 0.001, ** p < 0.01, * p 

< 0.05 relative to control level of purine; +++ p < 0.001 compared to NMDA treatment. 
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Table 4.11: Extracellular [3H]purine values from eN deficient (CD1-CD73 KO) co-culture. 

Treatment AN ADO INO HX 

Control 0.81±0.10 0.16±0.01 1.59±0.19 5.70±0.98 

DPR 0.88±0.11 0.11±0.02 ***0.37±0.03 5.92±1.00 

NMDA 0.70±0.06 ***0.37±0.02 *2.17±0.21 5.81±0.91 

DPR + NMDA 0.75±0.10 +++0.13±0.02 ***0.52±.05 5.47±0.87 

Control 0.73±0.08 0.14±0.02 1.42±0.26 6.03±0.27 

AOPCP 0.71±0.06 0.10±0.01 1.37±0.26 5.67±1.21 

NMDA 0.56±0.06 ***0.35±0.02 1.85±0.20 5.51±1.19 

AOPCP + NMDA 0.68±0.08 ***0.32±0.03 1.74±0.17 5.22±1.08 

Control 0.74±0.07 0.16±0.02 1.52±0.20 5.78±1.03 

NBMPR 0.68±0.07 0.16±0.01 *0.95±0.12 5.38±1.02 

NMDA 0.70±0.07 ***0.40±0.02 *2.17±0.15 5.41±0.94 

NBMPR + NMDA 0.78±0.09 ***0.45±0.04 1.77±0.10 5.20±0.88 

 

Co-cultures were pre-treated with [3H] ADE for 30 min.  Then eN co-cultures were 

treated with 30 µM DPR, 50 µM AOPCP or 100nM NBMPR alone or in combination with 

100 µM NMDA.  The extracellular media was collected and analyzed for [3H]purines. 

Data are expressed as means (pmol/mg) ± SEM (n = 9-12).  Analysis was performed by 

one-way ANOVA and post-hoc analysis with Tukey’s tests; *** p < 0.001, ** p < 0.01, * p 

< 0.05 relative to control level of purine; +++ p < 0.001 compared to NMDA treatment 



92 | P a g e  
 

 



93 | P a g e  
 

 

 

 

 

Figure 4.10: Comparison between ADO and INO release from wt (CD1-C57) and eN 

deficient (CD1-CD73 KO) co-cultures. 

Co-cultures were incubated with [3H]ADE then treated with A) DPR, B) AOPCP or C) 

NBMPR.  Supernatants were collected after 30 min incubation at 37oC.  [3H]Purines were 

separated by TLC and analyzed by scintillation spectroscopy.  Statistical analysis 

between control and treatment groups for wt (CD1-C57) or eN deficient (CD1-CD73 KO) 

co-cultures was performed by one-way ANOVA and post hoc analysis with Tukey’s tests.  

*** P < 0.001; ** P < 0.05, * P < 0.01 compared with wt or eN deficient co-culture 

controls. +++ P < 0.001 compared to wt or eN deficient NMDA treatment.    
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Figure 4.11: Comparison between AN and HX release from wt (CD1-C57) and eN 

deficient (CD1-CD73 KO) co-cultures. 

Co-cultures were incubated with [3H]ADE then treated with A) DPR, B) AOPCP or C) 

NBMPR.  Supernatants were collected after 30 min incubation at 37oC.  [3H]Purines were 

separated by TLC and analyzed by scintillation spectroscopy.  Statistical analysis 

between control and treatment groups for wt (CD1-C57) or eN deficient (CD1-CD73 KO) 

co-cultures was performed by one-way ANOVA and post hoc analysis with Tukey’s tests.  

*** P < 0.001; ** P < 0.05, * P < 0.01 compared with wt or eN deficient co-culture 

controls. +++ P < 0.001 compared to wt or eN deficient NMDA treatment.    
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Chapter 5: Discussion 
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Brain ischemia arises from trauma, stroke or cardiac arrest.  Disruption of oxygen 

and glucose supply to brain regions will lead to severe brain damage if blood flow is not 

reinstated.  Stroke is one of the leading causes of disability and death; unfortunately few 

interventions are able to deal with the consequences of ischemic brain injury.   

The research focus on neurons has been extensive; these cells are particularly 

sensitive to ischemic insult.  Neuronal death is attributed to cumulative events such as 

depletion of ATP stores, intracellular acidification, generation of reactive oxygen 

species, loss of ion gradients and membrane depolarization resulting in excessive 

glutamatergic transmission (Choi and Rothman 1990) and other neurotransmitter 

release  (Rossi et al.,2007).   

Astrocytes on the other hand, have a more dynamic role integrating and 

communicating information. Astrocytes are less sensitive to ischemic damage.  These 

cells contain glycogen and are able to maintain ATP levels longer than neurons.  

Astrocytes, therefore, maintain ionic gradients for longer in ischemic events and are less 

susceptible to glutamate excitotoxicity.  Astrocytes are known to regulate synaptic 

activity through the release of glutamate, D-serine, ATP and ADO. 

During ischemic conditions, ADO levels rise significantly (Parkinson et al., 2000; 

Phillis et al., 1996).  Under these conditions, neurons become depolarized and lose their 

ability to maintain ionic gradients.  Excitable neurons release the neurotransmitter 

glutamate which stimulates the NMDA receptor facilitating Ca2+ and Na+ influx.  

Excessive accumulation of intracellular Ca2+ can be toxic to cells.  Calcium influx, 

together with Ca2+ released from internal stores, activates many proteases, lipases, 
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phosphatases and endonucleases that eventually cause cell injury and cell death from 

damage to vital cellular organelles.  This ‘excitotoxicity’ by excessive glutamate 

activation of the NMDA receptor will lead to necrosis or activation of apoptotic 

pathways (Olney 1969, Orrenius et al., 2003).From previous in vivo and in vitro 

experiments, NMDA stimulation has been shown to produce ADO (Craig and White 

1991; Lu et al., 2003).  ADO released under pathophysiological conditions activates A1 

receptors, which affords a degree of neuroprotection by decreasing glutamate 

transmission, decreasing NMDA receptor activity, activating K+ channels and reducing 

Ca2+ currents (Rudolphi et al., 1992a; de Mendonça et al., 1995).   

ADO can be derived from intracellular or extracellular pathways through the 

metabolism of AN.  Cytosolic or membrane bound nucleotidases breakdown AN to ADO.  

Bi-directional nucleoside transporters transport ADO across cell membranes.  The 

excitatory and inhibitory actions of P1 and P2 receptors are dependent on extracellular 

concentrations of AN and ADO.  While the actions of the receptors are well 

characterized, the cellular source contributing the sudden rise of ADO in 

pathophysiological conditions is still poorly characterized. 

During an ischemic event, ENTs could potentially be important in the release or 

uptake of ADO.  The activities of ENTs are determined by concentration of ADO 

produced by extracellular or intracellular pathways.  To further study the role of ENTs in 

ischemia, mice with neuronal over-expression of ENT1 were produced (Parkinson et al., 

2009).  We hypothesized that Tg neurons with increased expression of hENT1, will 

release more ADO than  wt neurons.  A selective inhibitor for ENT1 is available; this is 
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NBMPR (also known as NBTI).  Several other inhibitors are poorly selective for ENT 

subtypes, including DPR, which is used to inhibit both ENT1 and ENT2.  The increased 

expression of hENT1 did not affect expression of ADO receptors or ADO metabolizing 

enzymes compared to wild type littermates.  Interestingly, the Tg mice were more 

sensitive to the effects of ethanol and showed decreased response to caffeine 

(Parkinson et al., 2009).   

 At the cellular level, wt and Tg neurons were isolated and assessed for 

differences in release of the purines AN, ADO, INO and HX.  In basal conditions, Tg 

neurons showed lower purine levels than wt but was not significantly different in ADO, 

INO and HX; INO was the most abundant purine in basal conditions and greater in wt 

than Tg neurons.  Similarly, basal AN levels were significantly higher in wt neurons 

(Table 1).  Lower extracellular purine levels in Tg neurons could be attributed uptake by 

ENTs. 

NMDA treatment is a model for glutamate excitotoxicity in vivo and in vitro 

studies.  NMDA-evoked ADO and INO release was observed in wt and Tg neurons, 

consistent with previous research using rat brain slices and rat neuronal cultures (Hoehn 

and White, 1989; Manzoni et al., 1994; Lu et al., 2003; Pedata et al., 1991).  In 

comparison to wt neurons, Tg neurons showed greater NMDA-evoked [3H]ADO and 

[3H]INO release but [3H]AN release was considerably less (Figure 4.1; Table 4.2).  As well, 

there was significant inhibition in both wt and Tg neurons of [3H]ADO and [3H]INO 

release with non-selective ENT inhibitor, DPR (Zamzow et al., 2008b).   
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Since DPR inhibits both ENT1 and ENT2, we also used the selective ENT1 inhibitor 

NBMPR.  From previous research with rat neurons we know that NBMPR has little effect 

on ADO release and ENT2 is the main transporter for ADO and INO (Zamzow et al., 

2008b).  In both wt and Tg neurons, we did not observe inhibition of NMDA-evoked 

[3H]ADO or [3H]INO release, using 100 nM, a concentration of NBMPR that is selective 

for ENT1.  We expected in wt neurons for NBMPR to have little effect on ADO release.  

Although Tg neurons have increased expression of hENT1, we still did not see ENT1 

inhibition with NBMPR.  At low concentrations (below 1µM), NBMPR is a selective ENT1 

inhibitor (Kd 0.1-10 nM) (Griffiths et al., 1997a).  Hippocampal cell membranes isolated 

from hENT1 Tg mice have 15-fold increased abundance of [3H]NBMPR binding sites, 

compared to membranes from wt littermates (Zhang et al., 2011).  It is not clear why 

NBMPR did not inhibit ADO and INO release from Tg neurons, but it is possible that 

NMDA-evoked release occurs faster than the inhibitory effects of this low concentration 

(100 nM) of NBMPR with ENT1.  

NMDA-evoked ADO release was not inhibited with eN inhibitor, AOPCP (Figure 

4.2, Table 4.3 and 4.4), in contrast to the inhibition seen with DPR. The expression of eN 

on cortical neurons is low (Schoen et al., 1987; Parkinson et al., 2006); as expected, 

AOPCP had little effect on the production of NMDA-evoked ADO. 

Similarly, Zhang et al., 2011 suggested that under ischemic events, neuronal 

ENT1 mediates increased ADO uptake rather than release.   These experiments suggest 

that with hippocampal slices, the fEPSP slope and amplitude were increased in Tg slices 

vs. wt slices, as increased uptake of ADO decreased A1 receptor activation.  While this 
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study found that cortical neurons in culture release adenosine per se, the results of 

Zhang et al using hippocampal slices indicate neuronal uptake of ADO is greater than the 

release of ADO under ischemic conditions.  This may indicate that the direct release of 

ADO from neurons is relatively minor relative to AN release from other cell types, such 

as astrocytes. Another source of ADO comes from release and extracellular metabolism 

of AN.  ADO is metabolized to INO and then to its end product, HX, which occurs in 

astrocytes (Zamzow et al., 2008a).  In basal conditions, [3H]AN levels were higher in wt 

than Tg neurons, but levels of [3H]HX were not significantly different.  Tg neurons 

released [3H]AN and [3H]HX under NMDA-stimulation, which was not observed in wt 

neurons (Figure 4.3, Table 4.3 and 4.4).  The extracellular levels of [3H]AN and [3H]HX in 

wt and Tg neurons were not affected by nucleoside transporter inhibition or eN 

inhibition.  These experiments provide further evidence for neuronal release of ADO.  Tg 

hENT1 neurons showed greater ADO release, suggesting intracellular formation and 

transporter mediated release. 

Other studies have shown that astrocytes contribute to increasing levels of ADO 

in the CNS. The astrocytes release AN through various mechanisms, including vesicular 

release, connexin hemi-channels, pannexins, ATP-binding cassette transporters and 

anion channels (Pankratov et al., 2006; Dubyak 2006; Scemes et al. 2007).  At present, 

the eN is the best characterized enzyme for the production of ADO extracellularly.  In 

our experiments we used the CD73 KO mice, which lack this key enzyme.  We 

hypothesized that the absence of eN or CD73 will significantly decrease ADO levels in 

CD73 KO astrocytes as compared to wild type in GD or OGD conditions. 
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In energy depleted conditions, such as of oxygen and/or glucose deprivation, 

astrocytes release purines (Parkinson et al., 2002; 2004).   In the astrocyte cultures we 

were able to inhibit glucose utilization with 2-deoxy glucose (2DG), a competitive 

inhibitor of hexokinase, a key enzyme in glycolysis.  Oxidative phosphorylation was 

reduced when astrocytes were in a humidified chamber containing 95% N2 and 5% CO2.  

We observed the greatest amount of ADO evoked from astrocytes occurred with 

inhibition of both glycolysis and oxidative phosphorylation (OGD) for 60 min (Parkinson 

and Xiong 2004).  In addition, we included the ENT1 and ENT2 inhibitor, DPR, and the eN 

inhibitor AOPCP on the effect of purine release in ischemic-like conditions. 

  The CD73 KO mice exhibited low levels of ADO in colon, lung, heart, skeletal 

muscle, brain, liver, and kidney.  These mice showed significant vascular leakage during 

hypoxia in all areas of the body (Thompson et al., 2004).  In the ischemic brain, CD73 

may also play a role in brain inflammation and immune function (Petrovic-Djergovic et 

al., 2012).  CD73 KO tissues and astrocytes were confirmed of their phenotype (Figure 

4.4 and 4.5).  In both wt and CD73 KO astrocytes, there were no differences seen in the 

amount of total extracellular purines in basal, GD and OGD conditions (Figure 4.6).  

Upon closer inspection, there were significant differences observed with [3H]ADO and 

[3H]AN between wt and KO astrocytes.  In line with previous reports [references], GD 

and OGD significantly increased [3H]ADO release in wt astrocytes (Table 4.5 and 4.6).  

KO astrocytes had significantly reduced [3H]ADO release in basal GD and OGD conditions 

(Figure 4.7; Table 4.5 and 4.7).  DPR did not inhibit [3H]ADO release in either wt or KO 

astrocytes. In some experiments, DPR increased levels of [3H]ADO released by wt 
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astrocytes (Figure 4.7).  These findings suggest that a significant amount of ADO is 

formed by the extracellular pathway and inhibition of ENTs reduces uptake into cells.   

In wt astrocytes, extracellular levels of [3H]ADO significantly dropped when eN 

was inhibited by AOPCP (Figure 4.7, Table 4.5 and 4.7).  Although in wt cells [3H]ADO 

was reduced by AOPCP, the levels did not equate to [3H]ADO seen in KO astrocytes.  A 

paper by Zimmermann (2009) suggested that other ectoenzymes present may also play 

a role in ADO formation in addition to eN such as prostatic acid phosphatases (PAP).   

In astrocyte cultures, CD73 KO astrocytes tended to have higher levels of [3H]AN 

in basal and GD conditions, although in OGD conditions [3H]AN was significantly higher 

(Table 4.5).  In wt and KO astrocytes, [3H]AN levels were not affected by DPR.  However 

inhibition with AOPCP increased [3H]AN levels in wt astrocytes, while KO astrocytes 

were not affected (Table 4.6 and 4.7).  We suspect that inhibition of eN or lack of eN 

generates build up of AN from decreased metabolism of AMP. 

In both wt and KO astrocytes, [3H] INO and [3H]HX were the most abundant 

purines released and were not significantly different between the cell types (Table 4.5).  

The ENT1 and ENT2 inhibitor, DPR, was effective at decreasing [3H]INO levels but not 

[3H]AN, [3H]ADO or [3H]HX in basal, GD and OGD conditions in both wt and KO CD73 

astrocytes (Figure 4.7 and 4.8, Table 4.6 and 4.7).  Inhibition of nucleoside transporters 

prevented INO release from intracellular production.  In ischemic conditions, INO has 

been shown to be neuroprotective (Haun et al. 1996).  DPR and AOPCP had little effect 

on extracellular levels of [3H]HX.  KO astrocytes seemed to produce less [3H]HX than wt 

astrocytes (Figure 4.8, Table 4.6 and 4.7).  Previous reports suggest that astrocytes are 
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responsible for HX formation.  INO released from neurons or astrocytes is taken up by 

astrocytes and metabolized to HX by PNP (Zamzow et al., 2008a).  In summary, cortical 

astrocytes metabolize AMP to ADO by eN in the extracellular pathway.  Astrocytes 

lacking expression or inhibition of eN produced little [3H]ADO extracellularly.   

So far in this work we showed in cell culture, neurons produce ADO by 

intracellular pathway and it is effluxed via ENTs.  As well, astrocytes under GD or OGD 

conditions produce ADO from an extracellular pathway via eN.  We hypothesized that 

eN is a major contributor for the production of ADO in the CNS, given the recent results 

Zhang et al., 2011  and further hypothesized that the absence of eN in co-cultures would 

produce less ADO compared to wild type cultures.  Numerous studies done on brain 

slices or in vivo experiments have both cell types.  Also eN is mainly located on 

astrocytes.  Therefore the presence of both cell types will more accurately depict the 

relative pathways that are important in ischemic-like events.  We established two types 

of cultures; wt co-cultures consisting of wt neurons (CD1) and wt astrocytes (C57bl6) 

and eN deficient co-cultures consisting of wt neurons and KO astrocytes (CD73 KO).  

At basal conditions [3H]HX was the most abundant purine in eN deficient co-

cultures.  Other purines [3H]AN, ADO and INO were not statistically different from wt co-

cultures (Table 4.8).  We observed NMDA-evoked purine release from wt and eN 

deficient co-cultures.  Overall, in both cultures NMDA-evoked significant increases of 

[3H]AN and [3H]HX in eN deficient cultures, but [3H]ADO was significantly higher in wt 

co-cultures (Figure 4.9 and Table 4.9).   
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AN and HX were not affected by NMDA or DPR, AOPCP and NBMPR.  In eN 

deficient co-cultures there was greater release of HX than in wt cultures (Figure 4.11, 

Table 4.10 and 4.11).  With inhibition of both ENT1 and ENT2 there was a significant 

decrease of ADO and INO release evoked by NMDA (Figure 4.10, Table 4.10 and 4.11).    

No inhibition of NMDA-evoked ADO levels were observed in wt co-cultures with the 

selective ENT1 inhibitor NBMPR, although NBMPR showed a trend to decrease NMDA-

evoked INO release (Figure 4.10, Table 4.10 and 4.11).  

The eN inhibitor, AOPCP did not affect [3H]ADO release from eN deficient co-

cultures, which was expected because of the lack of eN on KO CD73 astrocytes.  In wt 

co-cultures AOPCP did decrease ADO levels; however this was only a modest decrease 

and was not statistically significant (Figure 4.10, Table 4.10 and 4.11).  This suggests that 

eN does not have a prominent role in ADO formation.   This was in contrast to our 

hypothesis, and in contrast to other reports that showed AOPCP to be effective at 

decreasing ADO in rat neuron-astrocyte co-culture conditions (Zamzow et al., 2008b).  

Conceivably, the expression of eN in co-cultures is low, as other reports have shown 

that eN expression is induced in ischemic conditions with an ensuing rapid rise of 

extracellular ADO (Braun et al., 1998).  The increase of eN expression is correlated with 

a change in transcription of genes, neuronal cell damage or death (Sweeney et al., 

1995).  The expression levels of eN were not measured in co-cultures, although the 

expression in wt astrocyte cultures was demonstrated (Figure 4.4).   

Although the primary objective of these experiments was to examine ADO 

release in co-cultures we also looked at INO levels.  The results showed INO was evoked 
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by NMDA stimulation and this release was inhibited by DPR (and NBMPR).  It was 

previously hypothesized that ADO exerts neuroprotection by activating A1 and A2 

receptors on astrocytes (Van Calker et al., 1979).  Activation of A1 decreases adenylyl 

cyclase whereas activation of the A2 receptors results in activation of adenylyl cyclase in 

astrocyte cultures (Van Calker et al., 1979; Hölsi et al., 1987; Woods et al., 1988, Murphy 

et al., 1991).  In astrocyte cultures, the neuroprotective effect of ADO was not attributed 

to ADO receptor stimulation but by INO (Haun et al., 1996).  In the co-cultures, if INO 

does mediate protection in astrocytes preventing ischemic-induced expression of eN in 

astrocytes, this could be an explanation for why we did not observe the effects of 

AOPCP in the co-cultures. 

INO does not have a specific receptor to act on, but weakly binds to ADO 

receptors (Linden 2001).  INO is known to weakly bind to benzodiazepine receptors (Ki > 

1.0 mM; Skolnick et al., 1980).  The mechanism of action of INO may be due to 

intracellular secondary messenger signaling pathway.  In cultured sympathetic neurons, 

catecholamine production was stimulated with INO and this effect was blocked by DPR 

(Zurn and Do 1988).  Activation of guanylyl cyclase by sodium nitroprusside potentiated 

the effect of INO on catecholamine production which suggests that cGMP may play a 

role in INO-mediated astrocyte protection (Zurn 1991).  

Another report suggested that astrocyte cultures could be pre-conditioned to 

OGD conditions if there was prior exposure to sub-lethal OGD conditions (Iwabuchi and 

Kawahara 2009).  This phenomenon could be attributed to ATP-P2Y receptor signaling 

resulting in PLC-IP3 pathways and subsequent Ca2+ release from endoplasmic reticulum, 
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promoting spontaneous Ca2+ oscillations in astrocytes.  Although our co-culture 

experiments did not use OGD conditions, this potential relationship could also affect the 

transcription of eN expression in astrocytes under ischemia like conditions. 

 Interestingly, in the eN deficient cultures [3H]AN release were  higher than in wt 

cultures.  From in vivo or in vitro experiments, it’s been shown that the neuron-

astrocyte interaction converts AN to ADO.  Despite the absence of eN on astrocytes, 

ADO levels still increased with NMDA stimulation.   Therefore, the only other source of 

ADO should come from neurons.  Although astrocytes are known to be important in 

brain homeostasis and influence neuronal activity, recent data suggest they are also 

important in pathophysiological conditions.  A recent report by Eduardo Martin 

suggested that astrocytes may be relevant in hypoxia/ischemic conditions in the brain as 

they release a variety of gliotransmitters, one of which could be ADO (Martin et al., 

2007). 

Literature on the intracellular or extracellular origin of ADO is extensive and yet 

consensus on ADO release or extracellular metabolism to ADO has not been reached.  

There are many neuronal preparations and methods to stimulate ADO release which 

could account for these differences of intracellular or extracellular origin of ADO. 

Numerous in vivo and in vitro studies suggest that AN released are subsequently 

converted to ADO by eN.   In cell culture studies both neurons and astrocytes release 

significant amounts of ADO in ischemia-like conditions (Parkinson et al., 2002, 2005; 

Parkinson and Xiong 2004).  In these conditions, monocultures of neurons directly 

release ADO, where as astrocytes release AN and subsequent conversion to ADO by eN 
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(Zamzow et al., 2008).  Inhibition of eN in NMDA-evoked ADO conditions reduced ADO 

release (Zamzow et al., 2008).  Alternatively in rat cortical neurons, eN inhibition did not 

affect NMDA-evoked ADO release (Lu et al., 2003). 

Electrophysiological approaches using hippocampal slices noted ATP is rapidly 

converted to ADO which then activates A1 receptor and increases K+ conductance on 

post-synaptic neurons.  As well, inhibition of eN determined that conversion of AMP is 

the rate-limiting step in the formation of ADO (Dunwiddie et al., 1997; Cunha et al., 

1998).   From this perspective, production of ADO from eN may be inhibited by the high 

release of ATP or ADP that inhibit eN; when levels of ATP and ADP are lower, the 

extracellular production of ADO can occur (James and Richardson 1993). 

Recently it was found that neurons that are actively stimulated mediate synaptic 

depression by the release of ADO from ENTs.  Selective astrocytic activation of ATP-

mediated vesicle release by Ca2+ photolysis did not evoke synaptic depression, whereas 

selective neuronal firing mediates the release of ADO and synaptic depression.  The 

authors did not discount that ATP is still released into the environment, but the amount 

of ADO is not sufficient to activate A1 receptors.  They concluded that under conditions 

of excessive neuronal firing, adenosine is released from neurons as a negative feedback 

mechanism to inhibit excessive excitatory events (Lovatt et al., 2011). 

The data gathered from these experiments confirmed that in vitro conditions 

neurons effluxed ADO via nucleoside transporters.  The overall activity of hENT1 in Tg 

neurons mediates nucleoside efflux as opposed to nucleoside uptake (Zhang et al., 

2011).  NMDA-evoked ADO release was observed in these neurons.  In monocultures of 
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KO CD73 astrocytes, eN deficient cells did not produce ADO from AMP metabolism.  We 

confirmed that in wt astrocytes, inhibition of eN blocked the release of ADO and 

nucleoside transporter inhibition had little effect.    Thus the extracellular pathway is 

prominent in astrocytes.  Previous reports suggested that AN released to the 

environment is metabolized to ADO by eN.  Thus eN is an important mediator under 

these conditions.  When we cultured both neurons and astrocytes together we expected 

to see inhibition of NMDA-evoked ADO release with AOPCP, however no significant 

inhibition was observed.  In eN deficient co-cultures, wt neurons produced ADO 

intracellularly, which was effluxed by nucleoside transporters.  From the current data it 

is not clear if inhibition of eN is a contributor to rising ADO levels in ischemic conditions.  

Although other factors such as up-regulation of eN expression during ischemic events or 

astrocyte mediated ADO release could have affected extracellular ADO concentrations 

in co-cultures.   

ADO has numerous receptor-mediated effects in the CNS affecting a wide range 

of physiological and disease states.  ADO is a neuromodulator of neuronal synaptic 

transmission and is neuroprotective in ischemic conditions.  ADO is released from a 

number of cell types in the brain.   There is conflict in elucidating the cellular 

contributions of the enzymes and transporters responsible for ADO formation and 

metabolism.  The work in this thesis brings up new questions on the role of eN in ADO 

formation in the CNS. 

  



110 | P a g e  
 

 

 

 

 

 

 

 

 

Chapter 6: References 

  



111 | P a g e  
 

Abbracchio MP, Burnstock G, Boeynaems JM, Barnard EA, Boyer JL, Kennedy C, Knight 

GE, Fumagalli M, Gachet C, Jacobson KA, Weisman GA. International Union of 

Pharmacology LVIII: update on the P2Y G protein-coupled nucleotide receptors: 

from molecular mechanisms and pathophysiology to therapy. Pharmacol Rev. 

2006 Sep; 58 (3) :281-341. PubMed PMID:16968944.  

Abbracchio MP, Burnstock G, Verkhratsky A, Zimmermann H. Purinergic signalling in the 

nervous system: an overview. Trends Neurosci. 2009 Jan; 32 (1) :19-29. PubMed 

PMID:19008000.  

Adams A, Harkness RA. Adenosine deaminase activity in thymus and other human 

tissues. Clin Exp Immunol. 1976 Dec; 26 (3) :647-9. PubMed PMID:1009688; 

PubMed Central PMCID: PMC1540957.  

Akhondzadeh S, Safarcherati A, Amini H. Beneficial antipsychotic effects of allopurinol as 

add-on therapy for schizophrenia: a double blind, randomized and placebo 

controlled trial. Prog Neuropsychopharmacol Biol Psychiatry. 2005 Feb; 29 (2) 

:253-9. PubMed PMID:15694232.  

Akhondzadeh S, Shasavand E, Jamilian H, Shabestari O, Kamalipour A. Dipyridamole in 

the treatment of schizophrenia: adenosine-dopamine receptor interactions. J 

Clin Pharm Ther. 2000 Apr; 25 (2) :131-7. PubMed PMID:10849191.  



112 | P a g e  
 

Al-Khalidi UA, Chaglassian TH. The species distribution of xanthine oxidase. Biochem J. 

1965 Oct; 97 (1) :318-20. PubMed PMID:16749120; PubMed Central PMCID: 

PMC1264577.  

Alanko L, Heiskanen S, Stenberg D, Porkka-Heiskanen T. Adenosine kinase and 5'-

nucleotidase activity after prolonged wakefulness in the cortex and the basal 

forebrain of rat. Neurochem Int. 2003 May; 42 (6) :449-54. PubMed 

PMID:12547643.  

Alzheimer C, Röhrenbeck J, ten Bruggencate G. Adenosine depresses induction of LTP at 

the mossy fiber-CA3 synapse in vitro. Brain Res. 1991 Mar 8; 543 (1) :163-5. 

PubMed PMID:2054670.  

Anderson CM, Xiong W, Young JD, Cass CE, Parkinson FE. Demonstration of the 

existence of mRNAs encoding N1/cif and N2/cit sodium/nucleoside 

cotransporters in rat brain. Brain Res Mol Brain Res. 1996 Dec; 42 (2) :358-61. 

PubMed PMID:9013795.  

Andres CM, Fox IH. Purification and properties of human placental adenosine kinase. J 

Biol Chem. 1979 Nov 25; 254 (22) :11388-93. PubMed PMID:227870.  

Appel E, Kazimirsky G, Ashkenazi E, Kim SG, Jacobson KA, Brodie C. Roles of BCL-2 and 

caspase 3 in the adenosine A3 receptor-induced apoptosis. J Mol Neurosci. 2001 

Dec; 17 (3) :285-92. PubMed PMID:11859924.  



113 | P a g e  
 

Arai A, Kessler M, Lynch G. The effects of adenosine on the development of long-term 

potentiation. Neurosci Lett. 1990 Oct 30; 119 (1) :41-4. PubMed PMID:2097583.  

Arthur DB, Akassoglou K, Insel PA. P2Y2 receptor activates nerve growth factor/TrkA 

signaling to enhance neuronal differentiation. Proc Natl Acad Sci U S A. 2005 Dec 

27; 102 (52) :19138-43. PubMed PMID:16365320; PubMed Central PMCID: 

PMC1323158.  

Ascherio A, Zhang SM, Hernán MA, Kawachi I, Colditz GA, Speizer FE, Willett WC. 

Prospective study of caffeine consumption and risk of Parkinson's disease in men 

and women. Ann Neurol. 2001 Jul; 50 (1) :56-63. PubMed PMID:11456310. 

Baldwin SA, Mackey JR, Cass CE, Young JD. Nucleoside transporters: molecular biology 

and implications for therapeutic development. Mol Med Today. 1999 May; 5 (5) 

:216-24. PubMed PMID:10322314.  

Baldwin SA, Yao SY, Hyde RJ, Ng AM, Foppolo S, Barnes K, Ritzel MW, Cass CE, Young JD. 

Functional characterization of novel human and mouse equilibrative nucleoside 

transporters (hENT3 and mENT3) located in intracellular membranes. J Biol 

Chem. 2005 Apr 22; 280 (16) :15880-7. PubMed PMID:15701636.  

Bankston LA, Guidotti G. Characterization of ATP transport into chromaffin granule 

ghosts Synergy of ATP and serotonin accumulation in chromaffin granule ghosts. 

J Biol Chem. 1996 Jul 19; 271 (29) :17132-8. PubMed PMID:8663306.  



114 | P a g e  
 

Bao G, Kang L, Li H, Li Y, Pu L, Xia P, Ma L, Pei G. Morphine and heroin differentially 

modulate in vivo hippocampal LTP in opiate-dependent rat. 

Neuropsychopharmacology. 2007 Aug; 32 (8) :1738-49. PubMed 

PMID:17251910.  

Barcellos CK, Schetinger MR, Dias RD, Sarkis JJ. In vitro effect of central nervous system 

active drugs on the ATPase-ADPase activity and acetylcholinesterase activity 

from cerebral cortex of adult rats. Gen Pharmacol. 1998 Oct; 31 (4) :563-7. 

PubMed PMID:9792215.  

Barnes K, Dobrzynski H, Foppolo S, Beal PR, Ismat F, Scullion ER, Sun L, Tellez J, Ritzel 

MW, Claycomb WC, Cass CE, Young JD, Billeter-Clark R, Boyett MR, Baldwin SA. 

Distribution and functional characterization of equilibrative nucleoside 

transporter-4, a novel cardiac adenosine transporter activated at acidic pH. Circ 

Res. 2006 Sep 1; 99 (5) :510-9. PubMed PMID:16873718.  

Barraco RA, Swanson TH, Phillis JW, Berman RF. Anticonvulsant effects of adenosine 

analogues on amygdaloid-kindled seizures in rats. Neurosci Lett. 1984 May 18; 

46 (3) :317-22. PubMed PMID:6738923.  

Batista LC, Prediger RD, Morato GS, Takahashi RN. Blockade of adenosine and dopamine 

receptors inhibits the development of rapid tolerance to ethanol in mice. 

Psychopharmacology (Berl). 2005 Oct; 181 (4) :714-21. PubMed PMID:15983797.  



115 | P a g e  
 

Benington JH, Kodali SK, Heller HC. Stimulation of A1 adenosine receptors mimics the 

electroencephalographic effects of sleep deprivation. Brain Res. 1995 Sep 18; 

692 (1-2) :79-85. PubMed PMID:8548323.  

Benowitz LI, Goldberg DE, Madsen JR, Soni D, Irwin N. Inosine stimulates extensive axon 

collateral growth in the rat corticospinal tract after injury. Proc Natl Acad Sci U S 

A. 1999 Nov 9; 96 (23) :13486-90. PubMed PMID:10557347; PubMed Central 

PMCID: PMC23974.  

Berrendero F, Castañé A, Ledent C, Parmentier M, Maldonado R, Valverde O. Increase of 

morphine withdrawal in mice lacking A2A receptors and no changes in CB1/A2A 

double knockout mice. Eur J Neurosci. 2003 Jan; 17 (2) :315-24. PubMed 

PMID:12542668.  

Berridge MJ, Bootman MD, Roderick HL. Calcium signalling: dynamics, homeostasis and 

remodelling. Nat Rev Mol Cell Biol. 2003 Jul; 4 (7) :517-29. PubMed 

PMID:12838335.  

Biber K, Klotz KN, Berger M, Gebicke-Härter PJ, van Calker D. Adenosine A1 receptor-

mediated activation of phospholipase C in cultured astrocytes depends on the 

level of receptor expression. J Neurosci. 1997 Jul 1; 17 (13) :4956-64. PubMed 

PMID:9185533.  



116 | P a g e  
 

Biederbick A, Rose S, Elsässer HP. A human intracellular apyrase-like protein, LALP70, 

localizes to lysosomal/autophagic vacuoles. J Cell Sci. 1999 Aug; 112 ( Pt 

15):2473-84. PubMed PMID:10393803.  

Bilbao A, Cippitelli A, Martín AB, Granado N, Ortiz O, Bezard E, Chen JF, Navarro M, 

Rodríguez de Fonseca F, Moratalla R. Absence of quasi-morphine withdrawal 

syndrome in adenosine A2A receptor knockout mice. Psychopharmacology (Berl). 

2006 Apr; 185 (2) :160-8. PubMed PMID:16470403.  

Bischofberger N, Jacobson KA, von Lubitz DK. Adenosine A1 receptor agonists as 

clinically viable agents for treatment of ischemic brain disorders. Ann N Y Acad 

Sci. 1997 Oct 15; 825:23-9. PubMed PMID:9369972.  

Blass-Kampmann S, Kindler-Röhrborn A, Deissler H, D'Urso D, Rajewsky MF. In vitro 

differentiation of neural progenitor cells from prenatal rat brain: common cell 

surface glycoprotein on three glial cell subsets. J Neurosci Res. 1997 Apr 15; 48 

(2) :95-111. PubMed PMID:9130138.  

Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentiation in the 

hippocampus. Nature. 1993 Jan 7; 361 (6407) :31-9. PubMed PMID:8421494.  

Boison D. The adenosine kinase hypothesis of epileptogenesis. Prog Neurobiol. 2008 

Mar; 84 (3) :249-62. PubMed PMID:18249058; PubMed Central PMCID: 

PMC2278041.  



117 | P a g e  
 

Bonci A, Williams JT. A common mechanism mediates long-term changes in synaptic 

transmission after chronic cocaine and morphine. Neuron. 1996 Mar; 16 (3) 

:631-9. PubMed PMID:8785060.  

Braun N, Sévigny J, Robson SC, Hammer K, Hanani M, Zimmermann H. Association of the 

ecto-ATPase NTPDase2 with glial cells of the peripheral nervous system. Glia. 

2004 Jan 15; 45 (2) :124-32. PubMed PMID:14730706.  

Braun N, Zhu Y, Krieglstein J, Culmsee C, Zimmermann H. Upregulation of the enzyme 

chain hydrolyzing extracellular ATP after transient forebrain ischemia in the rat. J 

Neurosci. 1998 Jul 1; 18 (13) :4891-900. PubMed PMID:9634555.  

Braun N, Lenz C, Gillardon F, Zimmermann M, Zimmermann H. Focal cerebral ischemia 

enhances glial expression of ecto-5'-nucleotidase. Brain Res. 1997 Aug 22; 766 

(1-2) :213-26. PubMed PMID:9359605.  

Braun N, Brendel P, Zimmermann H. Distribution of 5'-nucleotidase in the developing 

mouse retina. Brain Res Dev Brain Res. 1995 Aug 28; 88 (1) :79-86. PubMed 

PMID:7493409.  

Braun N, Sévigny J, Mishra SK, Robson SC, Barth SW, Gerstberger R, Hammer K, 

Zimmermann H. Expression of the ecto-ATPase NTPDase2 in the germinal zones 

of the developing and adult rat brain. Eur J Neurosci. 2003 Apr; 17 (7) :1355-64. 

PubMed PMID:12713638.  



118 | P a g e  
 

Braun N, Sévigny J, Robson SC, Enjyoji K, Guckelberger O, Hammer K, Di Virgilio F, 

Zimmermann H. Assignment of ecto-nucleoside triphosphate 

diphosphohydrolase-1/cd39 expression to microglia and vasculature of the brain. 

Eur J Neurosci. 2000 Dec; 12 (12) :4357-66. PubMed PMID:11122346.  

Burnstock G, Campbell G, Satchell D, Smythe A. Evidence that adenosine triphosphate or 

a related nucleotide is the transmitter substance released by non-adrenergic 

inhibitory nerves in the gut. Br J Pharmacol. 1970 Dec; 40 (4) :668-88. PubMed 

PMID:4322041; PubMed Central PMCID: PMC1702901.  

Burnstock G, Holman ME. The transmission of excitation from autonomic nerve to 

smooth muscle. J Physiol. 1961 Jan; 155:115-33. PubMed PMID:13689213; 

PubMed Central PMCID: PMC1359843.  

Burnstock G. Purinergic receptors. J Theor Biol. 1976 Oct 21; 62 (2) :491-503. PubMed 

PMID:994531.  

Burnstock G. Physiology and pathophysiology of purinergic neurotransmission. Physiol 

Rev. 2007a Apr; 87 (2) :659-797. PubMed PMID:17429044.  

Burnstock G. Purine and pyrimidine receptors. Cell Mol Life Sci. 2007b Jun; 64 (12) 

:1471-83. PubMed PMID:17375261.  

Burnstock G. Purinergic cotransmission. F1000 Biol Rep. 2009 Jun 9; 1:46. PubMed 

PMID:20948639; PubMed Central PMCID: PMC2924685.  



119 | P a g e  
 

Burnstock G, Krügel U, Abbracchio MP, Illes P. Purinergic signalling: from normal 

behaviour to pathological brain function. Prog Neurobiol. 2011 Oct; 95 (2) :229-

74. PubMed PMID:21907261. 

Cahill CM, White TD, Sawynok J. Synergy between mu/delta-opioid receptors mediates 

adenosine release from spinal cord synaptosomes. Eur J Pharmacol. 1996 Feb 29; 

298 (1) :45-9. PubMed PMID:8867918.  

Cammer W, Tansey FA. 5'-nucleotidase localization in the brains and spinal cords of 

adult normal and dysmyelinating mutant (shiverer) mice. J Neurol Sci. 1986 May; 

73 (3) :299-310. PubMed PMID:3014064.  

Carmichael FJ, Israel Y, Crawford M, Minhas K, Saldivia V, Sandrin S, Campisi P, Orrego H. 

Central nervous system effects of acetate: contribution to the central effects of 

ethanol. J Pharmacol Exp Ther. 1991 Oct; 259 (1) :403-8. PubMed 

PMID:1920128.  

Ceballos G, Tuttle JB, Rubio R. Differential distribution of purine metabolizing enzymes 

between glia and neurons. J Neurochem. 1994 Mar; 62 (3) :1144-53. PubMed 

PMID:8113801.  

Chen GJ, Harvey BK, Shen H, Chou J, Victor A, Wang Y. Activation of adenosine A3 

receptors reduces ischemic brain injury in rodents. J Neurosci Res. 2006 Dec; 84 

(8) :1848-55. PubMed PMID:17016854.  



120 | P a g e  
 

Chen JF, Xu K, Petzer JP, Staal R, Xu YH, Beilstein M, Sonsalla PK, Castagnoli K, Castagnoli 

N Jr, Schwarzschild MA. Neuroprotection by caffeine and A(2A) adenosine 

receptor inactivation in a model of Parkinson's disease. J Neurosci. 2001 May 15; 

21 (10) :RC143. PubMed PMID:11319241.  

Chen JF, Huang Z, Ma J, Zhu J, Moratalla R, Standaert D, Moskowitz MA, Fink JS, 

Schwarzschild MA. A(2A) adenosine receptor deficiency attenuates brain injury 

induced by transient focal ischemia in mice. J Neurosci. 1999 Nov 1; 19 (21) 

:9192-200. PubMed PMID:10531422.  

Chen Y, Swanson RA. Astrocytes and brain injury. J Cereb Blood Flow Metab. 2003 Feb; 

23 (2) :137-49. PubMed PMID:12571445.  

Cheng Y, Jiang DH. [Therapeutic effect of inosine in Tourette syndrome and its possible 

mechanism of action]. Zhonghua Shen Jing Jing Shen Ke Za Zhi. 1990 Apr; 23 (2) 

:90-3, 126-7. PubMed PMID:2390879.  

Choi DS, Cascini MG, Mailliard W, Young H, Paredes P, McMahon T, Diamond I, Bonci A, 

Messing RO. The type 1 equilibrative nucleoside transporter regulates ethanol 

intoxication and preference. Nat Neurosci. 2004 Aug; 7 (8) :855-61. PubMed 

PMID:15258586. 

Choi DW, Rothman SM. The role of glutamate neurotoxicity in hypoxic-ischemic 

neuronal death. Annu Rev Neurosci. 1990; 13:171-82. PubMed PMID:1970230.  



121 | P a g e  
 

Ciana P, Fumagalli M, Trincavelli ML, Verderio C, Rosa P, Lecca D, Ferrario S, Parravicini 

C, Capra V, Gelosa P, Guerrini U, Belcredito S, Cimino M, Sironi L, Tremoli E, 

Rovati GE, Martini C, Abbracchio MP. The orphan receptor GPR17 identified as a 

new dual uracil nucleotides/cysteinyl-leukotrienes receptor. EMBO J. 2006 Oct 4; 

25 (19) :4615-27. PubMed PMID:16990797; PubMed Central PMCID: 

PMC1589991.  

Cipolli C, Galliani I. Addiction time and intellectual impairment in heroin users. Psychol 

Rep. 1987 Jun; 60 (3 Pt 2) :1099-105. PubMed PMID:3628644.  

Ciruela F, Saura C, Canela EI, Mallol J, Lluis C, Franco R. Adenosine deaminase affects 

ligand-induced signalling by interacting with cell surface adenosine receptors. 

FEBS Lett. 1996 Feb 19; 380 (3) :219-23. PubMed PMID:8601428.  

Ciruela F, Casadó V, Rodrigues RJ, Luján R, Burgueño J, Canals M, Borycz J, Rebola N, 

Goldberg SR, Mallol J, Cortés A, Canela EI, López-Giménez JF, Milligan G, Lluis C, 

Cunha RA, Ferré S, Franco R. Presynaptic control of striatal glutamatergic 

neurotransmission by adenosine A1-A2A receptor heteromers. J Neurosci. 2006 

Feb 15; 26 (7) :2080-7. PubMed PMID:16481441.  

Citri A, Malenka RC. Synaptic plasticity: multiple forms, functions, and mechanisms. 

Neuropsychopharmacology. 2008 Jan; 33 (1) :18-41. PubMed PMID:17728696.  



122 | P a g e  
 

Clark M, Dar MS. Effect of acute ethanol on uptake of [3H]adenosine by rat cerebellar 

synaptosomes. Alcohol Clin Exp Res. 1989 Jun; 13 (3) :371-7. PubMed 

PMID:2546465.  

Coco S, Calegari F, Pravettoni E, Pozzi D, Taverna E, Rosa P, Matteoli M, Verderio C. 

Storage and release of ATP from astrocytes in culture. J Biol Chem. 2003 Jan 10; 

278 (2) :1354-62. PubMed PMID:12414798.  

Corset V, Nguyen-Ba-Charvet KT, Forcet C, Moyse E, Chédotal A, Mehlen P. Netrin-1-

mediated axon outgrowth and cAMP production requires interaction with 

adenosine A2b receptor. Nature. 2000 Oct 12; 407 (6805) :747-50. PubMed 

PMID:11048721.  

Cotrina ML, Lin JH, López-García JC, Naus CC, Nedergaard M. ATP-mediated glia 

signaling. J Neurosci. 2000 Apr 15; 20 (8) :2835-44. PubMed PMID:10751435.  

Cotrina ML, Lin JH, Alves-Rodrigues A, Liu S, Li J, Azmi-Ghadimi H, Kang J, Naus CC, 

Nedergaard M. Connexins regulate calcium signaling by controlling ATP release. 

Proc Natl Acad Sci U S A. 1998 Dec 22; 95 (26) :15735-40. PubMed 

PMID:9861039; PubMed Central PMCID: PMC28113.  

Coyle JT, Tsai G. NMDA receptor function, neuroplasticity, and the pathophysiology of 

schizophrenia. Int Rev Neurobiol. 2004; 59:491-515. PubMed PMID:15006500.  

Craig CG, White TD. N-methyl-D-aspartate- and non-N-methyl-D-aspartate-evoked 

adenosine release from rat cortical slices: distinct purinergic sources and 



123 | P a g e  
 

mechanisms of release. J Neurochem. 1993 Mar; 60 (3) :1073-80. PubMed 

PMID:7679722.  

Crawford CR, Patel DH, Naeve C, Belt JA. Cloning of the human equilibrative, 

nitrobenzylmercaptopurine riboside (NBMPR)-insensitive nucleoside transporter 

ei by functional expression in a transport-deficient cell line. J Biol Chem. 1998 

Feb 27; 273 (9) :5288-93. PubMed PMID:9478986.  

Cunha RA, Vizi ES, Ribeiro JA, Sebastião AM. Preferential release of ATP and its 

extracellular catabolism as a source of adenosine upon high- but not low-

frequency stimulation of rat hippocampal slices. J Neurochem. 1996 Nov; 67 (5) 

:2180-7. PubMed PMID:8863529.  

Cunha RA, Sebastião AM, Ribeiro JA. Inhibition by ATP of hippocampal synaptic 

transmission requires localized extracellular catabolism by ecto-nucleotidases 

into adenosine and channeling to adenosine A1 receptors. J Neurosci. 1998 Mar 

15; 18 (6) :1987-95. PubMed PMID:9482785.  

Cunha RA, Ribeiro JA. Purinergic modulation of [(3)H]GABA release from rat 

hippocampal nerve terminals. Neuropharmacology. 2000 Apr 27; 39 (7) :1156-

67. PubMed PMID:10760359.  

Cunha RA. Adenosine as a neuromodulator and as a homeostatic regulator in the 

nervous system: different roles, different sources and different receptors. 

Neurochem Int. 2001 Feb; 38 (2) :107-25. PubMed PMID:11137880.  



124 | P a g e  
 

Cunha RA, Ferré S, Vaugeois JM, Chen JF. Potential therapeutic interest of adenosine A2A 

receptors in psychiatric disorders. Curr Pharm Des. 2008; 14 (15) :1512-24. 

PubMed PMID:18537674; PubMed Central PMCID: PMC2423946. 

Dahlin A, Xia L, Kong W, Hevner R, Wang J. Expression and immunolocalization of the 

plasma membrane monoamine transporter in the brain. Neuroscience. 2007 

May 25; 146 (3) :1193-211. PubMed PMID:17408864; PubMed Central PMCID: 

PMC2683847.  

Daly JW, Butts-Lamb P, Padgett W. Subclasses of adenosine receptors in the central 

nervous system: interaction with caffeine and related methylxanthines. Cell Mol 

Neurobiol. 1983 Mar; 3 (1) :69-80. PubMed PMID:6309393.  

Davis S, Butcher SP, Morris RG. The NMDA receptor antagonist D-2-amino-5-

phosphonopentanoate (D-AP5) impairs spatial learning and LTP in vivo at 

intracerebral concentrations comparable to those that block LTP in vitro. J 

Neurosci. 1992 Jan; 12 (1) :21-34. PubMed PMID:1345945.  

De Freitas B, Schwartz G. Effects of caffeine in chronic psychiatric patients. Am J 

Psychiatry. 1979 Oct; 136 (10) :1337-8. PubMed PMID:484737.  

de Mendonça A, Ribeiro JA. 2-Chloroadenosine decreases long-term potentiation in the 

hippocampal CA1 area of the rat. Neurosci Lett. 1990 Oct 2; 118 (1) :107-11. 

PubMed PMID:2259460.  



125 | P a g e  
 

de Mendonça A, Sebastião AM, Ribeiro JA. Inhibition of NMDA receptor-mediated 

currents in isolated rat hippocampal neurones by adenosine A1 receptor 

activation. Neuroreport. 1995 May 30; 6 (8) :1097-100. PubMed PMID:7662885.  

de Mendonça A, Sebastião AM, Ribeiro JA. Adenosine: does it have a neuroprotective 

role after all?. Brain Res Brain Res Rev. 2000 Sep; 33 (2-3) :258-74. PubMed 

PMID:11011069.  

Deb P, Sharma S, Hassan KM. Pathophysiologic mechanisms of acute ischemic stroke: An 

overview with emphasis on therapeutic significance beyond thrombolysis. 

Pathophysiology. 2010 Jun; 17 (3) :197-218. PubMed PMID:20074922.  

Deckert J, Gleiter CH. Adenosinergic psychopharmaceuticals?. Trends Pharmacol Sci. 

1989 Mar; 10 (3) :99-100. PubMed PMID:2595795.  

Delaney SM, Geiger JD. Levels of endogenous adenosine in rat striatum II Regulation of 

basal and N-methyl-D-aspartate-induced levels by inhibitors of adenosine 

transport and metabolism. J Pharmacol Exp Ther. 1998 May; 285 (2) :568-72. 

PubMed PMID:9580599.  

Deussen A. Metabolic flux rates of adenosine in the heart. Naunyn Schmiedebergs Arch 

Pharmacol. 2000 Nov; 362 (4-5) :351-63. PubMed PMID:11111829.  

Díaz-Cabiale Z, Hurd Y, Guidolin D, Finnman UB, Zoli M, Agnati LF, Vanderhaeghen JJ, 

Fuxe K, Ferré S. Adenosine A2A agonist CGS 21680 decreases the affinity of 



126 | P a g e  
 

dopamine D2 receptors for dopamine in human striatum. Neuroreport. 2001 Jul 

3; 12 (9) :1831-4. PubMed PMID:11435907.  

Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic stroke: an integrated 

view. Trends Neurosci. 1999 Sep; 22 (9) :391-7. PubMed PMID:10441299.  

Dixon AK, Gubitz AK, Sirinathsinghji DJ, Richardson PJ, Freeman TC. Tissue distribution of 

adenosine receptor mRNAs in the rat. Br J Pharmacol. 1996 Jul; 118 (6) :1461-8. 

PubMed PMID:8832073; PubMed Central PMCID: PMC1909676.  

Doengi M, Deitmer JW, Lohr C. New evidence for purinergic signaling in the olfactory 

bulb: A2A and P2Y1 receptors mediate intracellular calcium release in astrocytes. 

FASEB J. 2008 Jul; 22 (7) :2368-78. PubMed PMID:18310463.  

Dragunow M. Purinergic mechanisms in epilepsy. Prog Neurobiol. 1988; 31 (2) :85-108. 

PubMed PMID:3041453.  

Drury AN, Szent-Györgyi A. The physiological activity of adenine compounds with 

especial reference to their action upon the mammalian heart. J Physiol. 1929 

Nov 25; 68 (3) :213-37. PubMed PMID:16994064; PubMed Central PMCID: 

PMC1402863.  

Duffy S, MacVicar BA. Adrenergic calcium signaling in astrocyte networks within the 

hippocampal slice. J Neurosci. 1995 Aug; 15 (8) :5535-50. PubMed 

PMID:7643199.  



127 | P a g e  
 

Dunwiddie TV, Worth T. Sedative and anticonvulsant effects of adenosine analogs in 

mouse and rat. J Pharmacol Exp Ther. 1982 Jan; 220 (1) :70-6. PubMed 

PMID:7053424.  

Dunwiddie TV, Diao L, Kim HO, Jiang JL, Jacobson KA. Activation of hippocampal 

adenosine A3 receptors produces a desensitization of A1 receptor-mediated 

responses in rat hippocampus. J Neurosci. 1997 Jan 15; 17 (2) :607-14. PubMed 

PMID:8987783.  

Dunwiddie TV. Adenosine and suppression of seizures. Adv Neurol. 1999; 79:1001-10. 

PubMed PMID:10514882.  

Dunwiddie TV, Masino SA. The role and regulation of adenosine in the central nervous 

system. Annu Rev Neurosci. 2001; 24:31-55. PubMed PMID:11283304.  

During MJ, Spencer DD. Adenosine: a potential mediator of seizure arrest and postictal 

refractoriness. Ann Neurol. 1992 Nov; 32 (5) :618-24. PubMed PMID:1449242.  

Dworak M, McCarley RW, Kim T, Kalinchuk AV, Basheer R. Sleep and brain energy levels: 

ATP changes during sleep. J Neurosci. 2010 Jun 30; 30 (26) :9007-16. PubMed 

PMID:20592221; PubMed Central PMCID: PMC2917728.  

Ecke D, Hanck T, Tulapurkar ME, Schäfer R, Kassack M, Stricker R, Reiser G. Hetero-

oligomerization of the P2Y11 receptor with the P2Y1 receptor controls the 

internalization and ligand selectivity of the P2Y11 receptor. Biochem J. 2008 Jan 

1; 409 (1) :107-16. PubMed PMID:17824841.  



128 | P a g e  
 

Edwards FA, Gibb AJ, Colquhoun D. ATP receptor-mediated synaptic currents in the 

central nervous system. Nature. 1992 Sep 10; 359 (6391) :144-7. PubMed 

PMID:1381811.  

El Yacoubi M, Costentin J, Vaugeois JM. Adenosine A2A receptors and depression. 

Neurology. 2003 Dec 9; 61 (11 Suppl 6) :S82-7. PubMed PMID:14663017.  

El Yacoubi M, Ledent C, Parmentier M, Bertorelli R, Ongini E, Costentin J, Vaugeois JM. 

Adenosine A2A receptor antagonists are potential antidepressants: evidence 

based on pharmacology and A2A receptor knockout mice. Br J Pharmacol. 2001 

Sep; 134 (1) :68-77. PubMed PMID:11522598; PubMed Central PMCID: 

PMC1572930.  

Elalaoui A, Divita G, Maury G, Imbach JL, Goody RS. Intrinsic tryptophan fluorescence of 

bovine liver adenosine kinase, characterization of ligand binding sites and 

conformational changes. Eur J Biochem. 1994 Apr 15; 221 (2) :839-46. PubMed 

PMID:8174564. 

Endres CJ, Moss AM, Govindarajan R, Choi DS, Unadkat JD. The role of nucleoside 

transporters in the erythrocyte disposition and oral absorption of ribavirin in the 

wild-type and equilibrative nucleoside transporter 1-/- mice. J Pharmacol Exp 

Ther. 2009 Oct; 331 (1) :287-96. PubMed PMID:19602549; PubMed Central 

PMCID: PMC2766233.  



129 | P a g e  
 

Erb L, Liao Z, Seye CI, Weisman GA. P2 receptors: intracellular signaling. Pflugers Arch. 

2006 Aug; 452 (5) :552-62. PubMed PMID:16586093. 

Errasti-Murugarren E, Pastor-Anglada M, Casado FJ. Role of CNT3 in the transepithelial 

flux of nucleosides and nucleoside-derived drugs. J Physiol. 2007 Aug 1; 582 (Pt 

3) :1249-60. PubMed PMID:17412768; PubMed Central PMCID: PMC2075247.  

Errasti-Murugarren E, Cano-Soldado P, Pastor-Anglada M, Casado FJ. Functional 

characterization of a nucleoside-derived drug transporter variant (hCNT3C602R) 

showing altered sodium-binding capacity. Mol Pharmacol. 2008 Feb; 73 (2) :379-

86. PubMed PMID:17993510.  

Farber NB. The NMDA receptor hypofunction model of psychosis. Ann N Y Acad Sci. 

2003 Nov; 1003:119-30. PubMed PMID:14684440.  

Fenster MS, Shepherd RK, Linden J, Duling BR. Activation of adenosine A2 alpha 

receptors inhibits mast cell degranulation and mast cell-dependent 

vasoconstriction. Microcirculation. 2000 Apr; 7 (2) :129-35. PubMed 

PMID:10802855.  

Feoktistov I, Murray JJ, Biaggioni I. Positive modulation of intracellular Ca2+ levels by 

adenosine A2b receptors, prostacyclin, and prostaglandin E1 via a cholera toxin-

sensitive mechanism in human erythroleukemia cells. Mol Pharmacol. 1994 Jun; 

45 (6) :1160-7. PubMed PMID:8022409.  



130 | P a g e  
 

Ferrari D, Los M, Bauer MK, Vandenabeele P, Wesselborg S, Schulze-Osthoff K. P2Z 

purinoreceptor ligation induces activation of caspases with distinct roles in 

apoptotic and necrotic alterations of cell death. FEBS Lett. 1999 Mar 19; 447 (1) 

:71-5. PubMed PMID:10218585.  

Ferre S, von Euler G, Johansson B, Fredholm BB, Fuxe K. Stimulation of high-affinity 

adenosine A2 receptors decreases the affinity of dopamine D2 receptors in rat 

striatal membranes. Proc Natl Acad Sci U S A. 1991 Aug 15; 88 (16) :7238-41. 

PubMed PMID:1678519; PubMed Central PMCID: PMC52269.  

Ferré S, Karcz-Kubicha M, Hope BT, Popoli P, Burgueño J, Gutiérrez MA, Casadó V, Fuxe 

K, Goldberg SR, Lluis C, Franco R, Ciruela F. Synergistic interaction between 

adenosine A2A and glutamate mGlu5 receptors: implications for striatal neuronal 

function. Proc Natl Acad Sci U S A. 2002 Sep 3; 99 (18) :11940-5. PubMed 

PMID:12189203; PubMed Central PMCID: PMC129373.  

Fink JS, Weaver DR, Rivkees SA, Peterfreund RA, Pollack AE, Adler EM, Reppert SM. 

Molecular cloning of the rat A2 adenosine receptor: selective co-expression with 

D2 dopamine receptors in rat striatum. Brain Res Mol Brain Res. 1992 Jul; 14 (3) 

:186-95. PubMed PMID:1279342.  

Fiorillo CD, Williams JT. Selective inhibition by adenosine of mGluR IPSPs in dopamine 

neurons after cocaine treatment. J Neurophysiol. 2000 Mar; 83 (3) :1307-14. 

PubMed PMID:10712458.  



131 | P a g e  
 

Fischer W, Krügel U. P2Y receptors: focus on structural, pharmacological and functional 

aspects in the brain. Curr Med Chem. 2007; 14 (23) :2429-55. PubMed 

PMID:17979698.  

Fonta C, Négyessy L, Renaud L, Barone P. Areal and subcellular localization of the 

ubiquitous alkaline phosphatase in the primate cerebral cortex: evidence for a 

role in neurotransmission. Cereb Cortex. 2004 Jun; 14 (6) :595-609. PubMed 

PMID:15054075.  

Fonta C, Negyessy L, Renaud L, Barone P. Postnatal development of alkaline 

phosphatase activity correlates with the maturation of neurotransmission in the 

cerebral cortex. J Comp Neurol. 2005 May 30; 486 (2) :179-96. PubMed 

PMID:15844208.  

Forghani R, Krnjević K. Adenosine antagonists have differential effects on induction of 

long-term potentiation in hippocampal slices. Hippocampus. 1995; 5 (1) :71-7. 

PubMed PMID:7787948.  

Franco R, Canela EI, Bozal J. Heterogeneous localization of some purine enzymes in 

subcellular fractions of rat brain and cerebellum. Neurochem Res. 1986 Mar; 11 

(3) :423-35. PubMed PMID:3010150.  

Fredholm BB, Vernet L. Morphine increases depolarization induced purine release from 

rat cortical slices. Acta Physiol Scand. 1978 Dec; 104 (4) :502-4. PubMed 

PMID:726943.  



132 | P a g e  
 

Fredholm BB. Adenosine and neuroprotection. Int Rev Neurobiol. 1997; 40:259-80. 

PubMed PMID:8989624.  

Fredholm BB, IJzerman AP, Jacobson KA, Klotz KN, Linden J. International Union of 

Pharmacology XXV Nomenclature and classification of adenosine receptors. 

Pharmacol Rev. 2001 Dec; 53 (4) :527-52. PubMed PMID:11734617.  

Fredholm BB, Chen JF, Cunha RA, Svenningsson P, Vaugeois JM. Adenosine and brain 

function. Int Rev Neurobiol. 2005; 63:191-270. PubMed PMID:15797469.  

Friede RL. A quantitative mapping of alkaline phosphatase in the brain of the rhesus 

monkey. J Neurochem. 1966 Mar; 13 (3) :197-203. PubMed PMID:4957290. 

Gabriel A, Klussmann FW, Igelmund P. Rapid temperature changes induce adenosine-

mediated depression of synaptic transmission in hippocampal slices from rats 

(non-hibernators) but not in slices from golden hamsters (hibernators). 

Neuroscience. 1998 Sep; 86 (1) :67-77. PubMed PMID:9692744.  

Gao Y, Phillis JW. CGS 15943, an adenosine A2 receptor antagonist, reduces cerebral 

ischemic injury in the Mongolian gerbil. Life Sci. 1994; 55 (3) :PL61-5. PubMed 

PMID:8007757.  

Gebicke-Haerter PJ, Christoffel F, Timmer J, Northoff H, Berger M, Van Calker D. Both 

adenosine A1- and A2-receptors are required to stimulate microglial proliferation. 

Neurochem Int. 1996 Jul; 29 (1) :37-42. PubMed PMID:8808787.  



133 | P a g e  
 

Gehrmann J, Schoen SW, Kreutzberg GW. Lesion of the rat entorhinal cortex leads to a 

rapid microglial reaction in the dentate gyrus A light and electron microscopical 

study. Acta Neuropathol. 1991; 82 (6) :442-55. PubMed PMID:1785257.  

Geiger JD, Nagy JI. Distribution of adenosine deaminase activity in rat brain and spinal 

cord. J Neurosci. 1986 Sep; 6 (9) :2707-14. PubMed PMID:3746429.  

Gerevich Z, Wirkner K, Illes P. Adenosine A2A receptors inhibit the N-methyl-D-aspartate 

component of excitatory synaptic currents in rat striatal neurons. Eur J 

Pharmacol. 2002 Sep 13; 451 (2) :161-4. PubMed PMID:12231386.  

Gomez G, Sitkovsky MV. Differential requirement for A2A and A3 adenosine receptors for 

the protective effect of inosine in vivo. Blood. 2003 Dec 15; 102 (13) :4472-8. 

PubMed PMID:12947007.  

Govindarajan R, Leung GP, Zhou M, Tse CM, Wang J, Unadkat JD. Facilitated 

mitochondrial import of antiviral and anticancer nucleoside drugs by human 

equilibrative nucleoside transporter-3. Am J Physiol Gastrointest Liver Physiol. 

2009 Apr; 296 (4) :G910-22. PubMed PMID:19164483; PubMed Central PMCID: 

PMC2670673.  

Greene RW, Haas HL. The electrophysiology of adenosine in the mammalian central 

nervous system. Prog Neurobiol. 1991; 36 (4) :329-41. PubMed PMID:1678539.  



134 | P a g e  
 

Griffith DA, Jarvis SM. Nucleoside and nucleobase transport systems of mammalian 

cells. Biochim Biophys Acta. 1996 Oct 29; 1286 (3) :153-81. PubMed 

PMID:8982282.  

Griffiths M, Yao SY, Abidi F, Phillips SE, Cass CE, Young JD, Baldwin SA. Molecular cloning 

and characterization of a nitrobenzylthioinosine-insensitive (ei) equilibrative 

nucleoside transporter from human placenta. Biochem J. 1997a Dec 15; 328 ( Pt 

3):739-43. PubMed PMID:9396714; PubMed Central PMCID: PMC1218980.  

Griffiths M, Beaumont N, Yao SY, Sundaram M, Boumah CE, Davies A, Kwong FY, Coe I, 

Cass CE, Young JD, Baldwin SA. Cloning of a human nucleoside transporter 

implicated in the cellular uptake of adenosine and chemotherapeutic drugs. Nat 

Med. 1997b Jan; 3 (1) :89-93. PubMed PMID:8986748.  

Grondal EJ, Janetzko A, Zimmermann H. Monospecific antiserum against 5'-nucleotidase 

from Torpedo electric organ: immunocytochemical distribution of the enzyme 

and its association with Schwann cell membranes. Neuroscience. 1988 Jan; 24 (1) 

:351-63. PubMed PMID:2835706.  

Grondin R, Bédard PJ, Hadj Tahar A, Grégoire L, Mori A, Kase H. Antiparkinsonian effect 

of a new selective adenosine A2A receptor antagonist in MPTP-treated monkeys. 

Neurology. 1999 May 12; 52 (8) :1673-7. PubMed PMID:10331698.  



135 | P a g e  
 

Guerra D, Solé A, Camí J, Tobeña A. Neuropsychological performance in opiate addicts 

after rapid detoxification. Drug Alcohol Depend. 1987 Nov 30; 20 (3) :261-70. 

PubMed PMID:3436258.  

Guillén-Gómez E, Calbet M, Casado J, de Lecea L, Soriano E, Pastor-Anglada M, Burgaya 

F. Distribution of CNT2 and ENT1 transcripts in rat brain: selective decrease of 

CNT2 mRNA in the cerebral cortex of sleep-deprived rats. J Neurochem. 2004 

Aug; 90 (4) :883-93. PubMed PMID:15287894.  

Guo C, Masin M, Qureshi OS, Murrell-Lagnado RD. Evidence for functional P2X4/P2X7 

heteromeric receptors. Mol Pharmacol. 2007 Dec; 72 (6) :1447-56. PubMed 

PMID:17785580.  

Guthrie PB, Knappenberger J, Segal M, Bennett MV, Charles AC, Kater SB. ATP released 

from astrocytes mediates glial calcium waves. J Neurosci. 1999 Jan 15; 19 (2) 

:520-8. PubMed PMID:9880572.  

Hagberg H, Andersson P, Lacarewicz J, Jacobson I, Butcher S, Sandberg M. Extracellular 

adenosine, inosine, hypoxanthine, and xanthine in relation to tissue nucleotides 

and purines in rat striatum during transient ischemia. J Neurochem. 1987 Jul; 49 

(1) :227-31. PubMed PMID:3585332.  

Hällgren R, Niklasson F, Terent A, Akerblom A, Widerlöv E. Oxypurines in cerebrospinal 

fluid as indices of disturbed brain metabolism A clinical study of ischemic brain 

diseases. Stroke. 1983 May-Jun; 14 (3) :382-8. PubMed PMID:6658906.  



136 | P a g e  
 

Hammond JR, Williams EF, Clanachan AS. Affinity of calcium channel inhibitors, 

benzodiazepines, and other vasoactive compounds for the nucleoside transport 

system. Can J Physiol Pharmacol. 1985 Oct; 63 (10) :1302-7. PubMed 

PMID:2866831.  

Harahap AR, Goding JW. Distribution of the murine plasma cell antigen PC-1 in non-

lymphoid tissues. J Immunol. 1988 Oct 1; 141 (7) :2317-20. PubMed 

PMID:3262656.  

Haskó G, Kuhel DG, Németh ZH, Mabley JG, Stachlewitz RF, Virág L, Lohinai Z, Southan 

GJ, Salzman AL, Szabó C. Inosine inhibits inflammatory cytokine production by a 

posttranscriptional mechanism and protects against endotoxin-induced shock. J 

Immunol. 2000 Jan 15; 164 (2) :1013-9. PubMed PMID:10623851.  

Haskó G, Sitkovsky MV, Szabó C. Immunomodulatory and neuroprotective effects of 

inosine. Trends Pharmacol Sci. 2004 Mar; 25 (3) :152-7. PubMed 

PMID:15019271.  

Haun SE, Segeleon JE, Trapp VL, Clotz MA, Horrocks LA. Inosine mediates the protective 

effect of adenosine in rat astrocyte cultures subjected to combined glucose-

oxygen deprivation. J Neurochem. 1996 Nov; 67 (5) :2051-9. PubMed 

PMID:8863513.  

Haydon PG. GLIA: listening and talking to the synapse. Nat Rev Neurosci. 2001 Mar; 2 (3) 

:185-93. PubMed PMID:11256079.  



137 | P a g e  
 

Haydon PG, Carmignoto G. Astrocyte control of synaptic transmission and neurovascular 

coupling. Physiol Rev. 2006 Jul; 86 (3) :1009-31. PubMed PMID:16816144.  

Heine P, Braun N, Heilbronn A, Zimmermann H. Functional characterization of rat ecto-

ATPase and ecto-ATP diphosphohydrolase after heterologous expression in CHO 

cells. Eur J Biochem. 1999 May; 262 (1) :102-7. PubMed PMID:10231370.  

Hoehn K, White TD. Role of excitatory amino acid receptors in K+- and glutamate-

evoked release of endogenous adenosine from rat cortical slices. J Neurochem. 

1990 Jan; 54 (1) :256-65. PubMed PMID:1967143.  

Holton FA, Holton P. The possibility that ATP is a transmitter at sensory nerve endings. J 

Physiol. 1953 Mar; 119 (4) :50P-51P. PubMed PMID:13053469.  

Holton FA, Holton P. The capillary dilator substances in dry powders of spinal roots; a 

possible role of adenosine triphosphate in chemical transmission from nerve 

endings. J Physiol. 1954 Oct 28; 126 (1) :124-40. PubMed PMID:13212735; 

PubMed Central PMCID: PMC1365647.  

Holtzman SG. Caffeine as a model drug of abuse. Trends Pharmacol Sci. 1990 Sep; 11 (9) 

:355-6. PubMed PMID:2238090.  

Hösli L, Hösli E, Uhr M, Della Briotta G. Electrophysiological evidence for adenosine 

receptors on astrocytes of cultured rat central nervous system. Neurosci Lett. 

1987 Aug 18; 79 (1-2) :108-12. PubMed PMID:3670717.  



138 | P a g e  
 

Huang M, Wang Y, Cogut SB, Mitchell BS, Graves LM. Inhibition of nucleoside transport 

by protein kinase inhibitors. J Pharmacol Exp Ther. 2003 Feb; 304 (2) :753-60. 

PubMed PMID:12538831.  

Hunter AM, Balleine BW, Minor TR. Helplessness and escape performance: glutamate-

adenosine interactions in the frontal cortex. Behav Neurosci. 2003 Feb; 117 (1) 

:123-35. PubMed PMID:12619915.  

Iwabuchi S, Kawahara K. Possible involvement of extracellular ATP-P2Y purinoceptor 

signaling in ischemia-induced tolerance of astrocytes in culture. Neurochem Res. 

2009 Sep; 34 (9) :1542-54. PubMed PMID:19288192.  

Jacobson KA. Adenosine A3 receptors: novel ligands and paradoxical effects. Trends 

Pharmacol Sci. 1998 May; 19 (5) :184-91. PubMed PMID:9652191; PubMed 

Central PMCID: PMC3158240.  

Jahr CE, Jessell TM. ATP excites a subpopulation of rat dorsal horn neurones. Nature. 

1983 Aug 25-31; 304 (5928) :730-3. PubMed PMID:6888539.  

James S, Richardson PJ. Production of adenosine from extracellular ATP at the striatal 

cholinergic synapse. J Neurochem. 1993 Jan; 60 (1) :219-27. PubMed 

PMID:8417143.  

Jarvis MF, Williams M. Direct autoradiographic localization of adenosine A2 receptors in 

the rat brain using the A2-selective agonist, [3H]CGS 21680. Eur J Pharmacol. 

1989 Sep 13; 168 (2) :243-6. PubMed PMID:2558026.  



139 | P a g e  
 

Javitt DC. Glycine transport inhibitors and the treatment of schizophrenia. Biol 

Psychiatry. 2008 Jan 1; 63 (1) :6-8. PubMed PMID:18082555.  

Jennings LL, Hao C, Cabrita MA, Vickers MF, Baldwin SA, Young JD, Cass CE. Distinct 

regional distribution of human equilibrative nucleoside transporter proteins 1 

and 2 (hENT1 and hENT2) in the central nervous system. Neuropharmacology. 

2001 Apr; 40 (5) :722-31. PubMed PMID:11311901.  

Jin X, Shepherd RK, Duling BR, Linden J. Inosine binds to A3 adenosine receptors and 

stimulates mast cell degranulation. J Clin Invest. 1997 Dec 1; 100 (11) :2849-57. 

PubMed PMID:9389751; PubMed Central PMCID: PMC508491.  

Jurkowitz MS, Litsky ML, Browning MJ, Hohl CM. Adenosine, inosine, and guanosine 

protect glial cells during glucose deprivation and mitochondrial inhibition: 

correlation between protection and ATP preservation. J Neurochem. 1998 Aug; 

71 (2) :535-48. PubMed PMID:9681443. 

Kafka SH, Corbett R. Selective adenosine A2A receptor/dopamine D2 receptor 

interactions in animal models of schizophrenia. Eur J Pharmacol. 1996 Jan 11; 

295 (2-3) :147-54. PubMed PMID:8720578.  

Kameoka J, Tanaka T, Nojima Y, Schlossman SF, Morimoto C. Direct association of 

adenosine deaminase with a T cell activation antigen, CD26. Science. 1993 Jul 23; 

261 (5120) :466-9. PubMed PMID:8101391.  



140 | P a g e  
 

Kanda T, Jackson MJ, Smith LA, Pearce RK, Nakamura J, Kase H, Kuwana Y, Jenner P. 

Adenosine A2A antagonist: a novel antiparkinsonian agent that does not provoke 

dyskinesia in parkinsonian monkeys. Ann Neurol. 1998 Apr; 43 (4) :507-13. 

PubMed PMID:9546333.  

Kang J, Jiang L, Goldman SA, Nedergaard M. Astrocyte-mediated potentiation of 

inhibitory synaptic transmission. Nat Neurosci. 1998 Dec; 1 (8) :683-92. PubMed 

PMID:10196584.  

Karaszewski B, Wardlaw JM, Marshall I, Cvoro V, Wartolowska K, Haga K, Armitage PA, 

Bastin ME, Dennis MS. Early brain temperature elevation and anaerobic 

metabolism in human acute ischaemic stroke. Brain. 2009 Apr; 132 (Pt 4) :955-

64. PubMed PMID:19346327.  

Kaster MP, Budni J, Santos AR, Rodrigues AL. Pharmacological evidence for the 

involvement of the opioid system in the antidepressant-like effect of adenosine 

in the mouse forced swimming test. Eur J Pharmacol. 2007 Dec 8; 576 (1-3) :91-

8. PubMed PMID:17868670.  

Kaster MP, Rosa AO, Rosso MM, Goulart EC, Santos AR, Rodrigues AL. Adenosine 

administration produces an antidepressant-like effect in mice: evidence for the 

involvement of A1 and A2A receptors. Neurosci Lett. 2004 Jan 23; 355 (1-2) :21-4. 

PubMed PMID:14729225.  



141 | P a g e  
 

Kaster MP, Rosa AO, Santos AR, Rodrigues AL. Involvement of nitric oxide-cGMP 

pathway in the antidepressant-like effects of adenosine in the forced swimming 

test. Int J Neuropsychopharmacol. 2005 Dec; 8 (4) :601-6. PubMed 

PMID:16202183.  

Khakh BS, Zhou X, Sydes J, Galligan JJ, Lester HA. State-dependent cross-inhibition 

between transmitter-gated cation channels. Nature. 2000 Jul 27; 406 (6794) 

:405-10. PubMed PMID:10935636.  

King AE, Ackley MA, Cass CE, Young JD, Baldwin SA. Nucleoside transporters: from 

scavengers to novel therapeutic targets. Trends Pharmacol Sci. 2006 Aug; 27 (8) 

:416-25. PubMed PMID:16820221.  

Kirk IP, Richardson PJ. Inhibition of striatal GABA release by the adenosine A2A receptor 

is not mediated by increases in cyclic AMP. J Neurochem. 1995 Jun; 64 (6) :2801-

9. PubMed PMID:7760061.  

Knöfel T, Sträter N. X-ray structure of the Escherichia coli periplasmic 5'-nucleotidase 

containing a dimetal catalytic site. Nat Struct Biol. 1999 May; 6 (5) :448-53. 

PubMed PMID:10331872.  

Kogure K, Alonso OF. A pictorial representation of endogenous brain ATP by a 

bioluminescent method. Brain Res. 1978 Oct 13; 154 (2) :273-84. PubMed 

PMID:687995.  



142 | P a g e  
 

Krauss SW, Ghirnikar RB, Diamond I, Gordon AS. Inhibition of adenosine uptake by 

ethanol is specific for one class of nucleoside transporters. Mol Pharmacol. 1993 

Nov; 44 (5) :1021-6. PubMed PMID:7902530.  

Krebs C, Fernandes HB, Sheldon C, Raymond LA, Baimbridge KG. Functional NMDA 

receptor subtype 2B is expressed in astrocytes after ischemia in vivo and anoxia 

in vitro. J Neurosci. 2003 Apr 15; 23 (8) :3364-72. PubMed PMID:12716944.  

Kreutzberg GW, Barron KD. 5'-Nucleotidase of microglial cells in the facial nucleus 

during axonal reaction. J Neurocytol. 1978a Oct; 7 (5) :601-10. PubMed 

PMID:722317.  

Kreutzberg GW, Barron KD, Schubert P. Cytochemical localization of 5'-nucleotidase in 

glial plasma membranes. Brain Res. 1978b Dec 15; 158 (2) :247-57. PubMed 

PMID:709366.  

Kulik A, Haentzsch A, Lückermann M, Reichelt W, Ballanyi K. Neuron-glia signaling via 

alpha(1) adrenoceptor-mediated Ca(2+) release in Bergmann glial cells in situ. J 

Neurosci. 1999 Oct 1; 19 (19) :8401-8. PubMed PMID:10493741.  

Kulkarni SK, Singh K, Bishnoi M. Involvement of adenosinergic receptors in anxiety 

related behaviours. Indian J Exp Biol. 2007 May; 45 (5) :439-43. PubMed 

PMID:17569285. 



143 | P a g e  
 

Langer D, Hammer K, Koszalka P, Schrader J, Robson S, Zimmermann H. Distribution of 

ectonucleotidases in the rodent brain revisited. Cell Tissue Res. 2008 Nov; 334 

(2) :199-217. PubMed PMID:18843508.  

Lara DR, Dall'Igna OP, Ghisolfi ES, Brunstein MG. Involvement of adenosine in the 

neurobiology of schizophrenia and its therapeutic implications. Prog 

Neuropsychopharmacol Biol Psychiatry. 2006 Jun; 30 (4) :617-29. PubMed 

PMID:16580767.  

Lara DR, Souza DO. Schizophrenia: a purinergic hypothesis. Med Hypotheses. 2000 Feb; 

54 (2) :157-66. PubMed PMID:10790742.  

Larráyoz IM, Casado FJ, Pastor-Anglada M, Lostao MP. Electrophysiological 

characterization of the human Na(+)/nucleoside cotransporter 1 (hCNT1) and 

role of adenosine on hCNT1 function. J Biol Chem. 2004 Mar 5; 279 (10) :8999-

9007. PubMed PMID:14701834.  

Larsson M, Sawada K, Morland C, Hiasa M, Ormel L, Moriyama Y, Gundersen V. 

Functional and anatomical identification of a vesicular transporter mediating 

neuronal ATP release. Cereb Cortex. 2012 May; 22 (5) :1203-14. PubMed 

PMID:21810784.  

Latini S, Corsi C, Pedata F, Pepeu G. The source of brain adenosine outflow during 

ischemia and electrical stimulation. Neurochem Int. 1996 Jan; 28 (1) :113-8. 

PubMed PMID:8746771.  



144 | P a g e  
 

Latini S, Pedata F. Adenosine in the central nervous system: release mechanisms and 

extracellular concentrations. J Neurochem. 2001 Nov; 79 (3) :463-84. PubMed 

PMID:11701750.  

Ledent C, Vaugeois JM, Schiffmann SN, Pedrazzini T, El Yacoubi M, Vanderhaeghen JJ, 

Costentin J, Heath JK, Vassart G, Parmentier M. Aggressiveness, hypoalgesia and 

high blood pressure in mice lacking the adenosine A2A receptor. Nature. 1997 

Aug 14; 388 (6643) :674-8. PubMed PMID:9262401.  

Lee EW, Lai Y, Zhang H, Unadkat JD. Identification of the mitochondrial targeting signal 

of the human equilibrative nucleoside transporter 1 (hENT1): implications for 

interspecies differences in mitochondrial toxicity of fialuridine. J Biol Chem. 2006 

Jun 16; 281 (24) :16700-6. PubMed PMID:16595656.  

LeWitt PA, Guttman M, Tetrud JW, Tuite PJ, Mori A, Chaikin P, Sussman NM, 6002-US-

005 Study Group. Adenosine A2A receptor antagonist istradefylline (KW-6002) 

reduces "off" time in Parkinson's disease: a double-blind, randomized, 

multicenter clinical trial (6002-US-005). Ann Neurol. 2008 Mar; 63 (3) :295-302. 

PubMed PMID:18306243.  

Li H, Smolen GA, Beers LF, Xia L, Gerald W, Wang J, Haber DA, Lee SB. Adenosine 

transporter ENT4 is a direct target of EWS/WT1 translocation product and is 

highly expressed in desmoplastic small round cell tumor. PLoS One. 2008 Jun 4; 3 

(6) :e2353. PubMed PMID:18523561; PubMed Central PMCID: PMC2394657.  



145 | P a g e  
 

Liang BT, Jacobson KA. A physiological role of the adenosine A3 receptor: sustained 

cardioprotection. Proc Natl Acad Sci U S A. 1998 Jun 9; 95 (12) :6995-9. PubMed 

PMID:9618527; PubMed Central PMCID: PMC22715.  

Lin AS, Uhde TW, Slate SO, McCann UD. Effects of intravenous caffeine administered to 

healthy males during sleep. Depress Anxiety. 1997; 5 (1) :21-8. PubMed 

PMID:9250437.  

Lindberg B, Klenow H, Hansen K. Some properties of partially purified mammalian 

adenosine kinase. J Biol Chem. 1967 Feb 10; 242 (3) :350-6. PubMed 

PMID:4290214. 

Linden J, Taylor HE, Robeva AS, Tucker AL, Stehle JH, Rivkees SA, Fink JS, Reppert SM. 

Molecular cloning and functional expression of a sheep A3 adenosine receptor 

with widespread tissue distribution. Mol Pharmacol. 1993 Sep; 44 (3) :524-32. 

PubMed PMID:8396714.  

Linden J, Thai T, Figler H, Jin X, Robeva AS. Characterization of human A(2B) adenosine 

receptors: radioligand binding, western blotting, and coupling to G(q) in human 

embryonic kidney 293 cells and HMC-1 mast cells. Mol Pharmacol. 1999 Oct; 56 

(4) :705-13. PubMed PMID:10496952.  

Linden J. Molecular approach to adenosine receptors: receptor-mediated mechanisms 

of tissue protection. Annu Rev Pharmacol Toxicol. 2001; 41:775-87. PubMed 

PMID:11264476.  



146 | P a g e  
 

Litsky ML, Hohl CM, Lucas JH, Jurkowitz MS. Inosine and guanosine preserve neuronal 

and glial cell viability in mouse spinal cord cultures during chemical hypoxia. 

Brain Res. 1999 Mar 13; 821 (2) :426-32. PubMed PMID:10064830.  

Lloyd HG, Lindström K, Fredholm BB. Intracellular formation and release of adenosine 

from rat hippocampal slices evoked by electrical stimulation or energy depletion. 

Neurochem Int. 1993 Aug; 23 (2) :173-85. PubMed PMID:8369741.  

Londos C, Cooper DM, Wolff J. Subclasses of external adenosine receptors. Proc Natl 

Acad Sci U S A. 1980 May; 77 (5) :2551-4. PubMed PMID:6248853; PubMed 

Central PMCID: PMC349439. 

Lopes LV, Cunha RA, Kull B, Fredholm BB, Ribeiro JA. Adenosine A(2A) receptor 

facilitation of hippocampal synaptic transmission is dependent on tonic A(1) 

receptor inhibition. Neuroscience. 2002; 112 (2) :319-29. PubMed 

PMID:12044450.  

Löscher W, Köhling R. Functional, metabolic, and synaptic changes after seizures as 

potential targets for antiepileptic therapy. Epilepsy Behav. 2010 Oct; 19 (2) :105-

13. PubMed PMID:20705520.  

Lu G, Zhou QX, Kang S, Li QL, Zhao LC, Chen JD, Sun JF, Cao J, Wang YJ, Chen J, Chen XY, 

Zhong DF, Chi ZQ, Xu L, Liu JG. Chronic morphine treatment impaired 

hippocampal long-term potentiation and spatial memory via accumulation of 



147 | P a g e  
 

extracellular adenosine acting on adenosine A1 receptors. J Neurosci. 2010 Apr 7; 

30 (14) :5058-70. PubMed PMID:20371826.  

Lu H, Chen C, Klaassen C. Tissue distribution of concentrative and equilibrative 

nucleoside transporters in male and female rats and mice. Drug Metab Dispos. 

2004 Dec; 32 (12) :1455-61. PubMed PMID:15371301.  

Lu Y, Chung HJ, Li Y, Rosenberg PA. NMDA receptor-mediated extracellular adenosine 

accumulation in rat forebrain neurons in culture is associated with inhibition of 

adenosine kinase. Eur J Neurosci. 2003 Mar; 17 (6) :1213-22. PubMed 

PMID:12670309.  

Lucas PB, Pickar D, Kelsoe J, Rapaport M, Pato C, Hommer D. Effects of the acute 

administration of caffeine in patients with schizophrenia. Biol Psychiatry. 1990 

Jul 1; 28 (1) :35-40. PubMed PMID:2375945. 

MacDonald WF, White TD. Nature of extrasynaptosomal accumulation of endogenous 

adenosine evoked by K+ and veratridine. J Neurochem. 1985 Sep; 45 (3) :791-7. 

PubMed PMID:2993513.  

Mackey JR, Galmarini CM, Graham KA, Joy AA, Delmer A, Dabbagh L, Glubrecht D, Jewell 

LD, Lai R, Lang T, Hanson J, Young JD, Merle-Béral H, Binet JL, Cass CE, Dumontet 

C. Quantitative analysis of nucleoside transporter and metabolism gene 

expression in chronic lymphocytic leukemia (CLL): identification of fludarabine-



148 | P a g e  
 

sensitive and -insensitive populations. Blood. 2005 Jan 15; 105 (2) :767-74. 

PubMed PMID:15454483.  

Magistretti PJ. Neuroscience Low-cost travel in neurons. Science. 2009 Sep 11; 325 

(5946) :1349-51. PubMed PMID:19745140.  

Malenka RC, Nicoll RA. NMDA-receptor-dependent synaptic plasticity: multiple forms 

and mechanisms. Trends Neurosci. 1993 Dec; 16 (12) :521-7. PubMed 

PMID:7509523.  

Mangravite LM, Lipschutz JH, Mostov KE, Giacomini KM. Localization of GFP-tagged 

concentrative nucleoside transporters in a renal polarized epithelial cell line. Am 

J Physiol Renal Physiol. 2001 May; 280 (5) :F879-85. PubMed PMID:11292631.  

Mangravite LM, Badagnani I, Giacomini KM. Nucleoside transporters in the disposition 

and targeting of nucleoside analogs in the kidney. Eur J Pharmacol. 2003 Oct 31; 

479 (1-3) :269-81. PubMed PMID:14612157.  

Mangravite LM, Giacomini KM. Sorting of rat SPNT in renal epithelium is independent of 

N-glycosylation. Pharm Res. 2003 Feb; 20 (2) :319-23. PubMed PMID:12636174.  

Mani RS, Hammond JR, Marjan JM, Graham KA, Young JD, Baldwin SA, Cass CE. 

Demonstration of equilibrative nucleoside transporters (hENT1 and hENT2) in 

nuclear envelopes of cultured human choriocarcinoma (BeWo) cells by 

functional reconstitution in proteoliposomes. J Biol Chem. 1998 Nov 13; 273 (46) 

:30818-25. PubMed PMID:9804860.  



149 | P a g e  
 

Martín ED, Fernández M, Perea G, Pascual O, Haydon PG, Araque A, Ceña V. Adenosine 

released by astrocytes contributes to hypoxia-induced modulation of synaptic 

transmission. Glia. 2007 Jan 1; 55 (1) :36-45. PubMed PMID:17004232.  

Masino SA, Dunwiddie TV. Temperature-dependent modulation of excitatory 

transmission in hippocampal slices is mediated by extracellular adenosine. J 

Neurosci. 1999 Mar 15; 19 (6) :1932-9. PubMed PMID:10066246.  

Mayo KM, Falkowski W, Jones CA. Caffeine: use and effects in long-stay psychiatric 

patients. Br J Psychiatry. 1993 Apr; 162:543-5. PubMed PMID:8481748.  

Meghji P, Tuttle JB, Rubio R. Adenosine formation and release by embryonic chick 

neurons and glia in cell culture. J Neurochem. 1989 Dec; 53 (6) :1852-60. 

PubMed PMID:2553868.  

Millán JL. Alkaline Phosphatases : Structure, substrate specificity and functional 

relatedness to other members of a large superfamily of enzymes. Purinergic 

Signal. 2006 Jun; 2 (2) :335-41. PubMed PMID:18404473; PubMed Central 

PMCID: PMC2254479.  

Minor TR, Winslow JL, Chang WC. Stress and adenosine: II Adenosine analogs mimic the 

effect of inescapable shock on shuttle-escape performance in rats. Behav 

Neurosci. 1994 Apr; 108 (2) :265-76. PubMed PMID:8037870.  



150 | P a g e  
 

Mitchell HL, Frisella WA, Brooker RW, Yoon KW. Attenuation of traumatic cell death by 

an adenosine A1 agonist in rat hippocampal cells. Neurosurgery. 1995 May; 36 

(5) :1003-7; discussion 1007-8. PubMed PMID:7791963.  

Miura T, Tsuchida A. Adenosine and preconditioning revisited. Clin Exp Pharmacol 

Physiol. 1999 Feb; 26 (2) :92-9. PubMed PMID:10065327.  

Mori M, Heuss C, Gähwiler BH, Gerber U. Fast synaptic transmission mediated by P2X 

receptors in CA3 pyramidal cells of rat hippocampal slice cultures. J Physiol. 2001 

Aug 15; 535 (Pt 1) :115-23. PubMed PMID:11507162; PubMed Central PMCID: 

PMC2278762.  

Morris RG. Synaptic plasticity and learning: selective impairment of learning rats and 

blockade of long-term potentiation in vivo by the N-methyl-D-aspartate receptor 

antagonist AP5. J Neurosci. 1989 Sep; 9 (9) :3040-57. PubMed PMID:2552039.  

Murphy MG, Moak CM, Byczko Z, MacDonald WF. Adenosine-dependent regulation of 

cyclic AMP accumulation in primary cultures of rat astrocytes and neurons. J 

Neurosci Res. 1991 Dec; 30 (4) :631-40. PubMed PMID:1664862. 

Nagai K, Nagasawa K, Kihara Y, Okuda H, Fujimoto S. Anticancer nucleobase analogues 

6-mercaptopurine and 6-thioguanine are novel substrates for equilibrative 

nucleoside transporter 2. Int J Pharm. 2007 Mar 21; 333 (1-2) :56-61. PubMed 

PMID:17088032.  



151 | P a g e  
 

Nagai K, Nagasawa K, Fujimoto S. Transport mechanisms for adenosine and uridine in 

primary-cultured rat cortical neurons and astrocytes. Biochem Biophys Res 

Commun. 2005 Sep 9; 334 (4) :1343-50. PubMed PMID:16043124.  

Nagy LE, Diamond I, Casso DJ, Franklin C, Gordon AS. Ethanol increases extracellular 

adenosine by inhibiting adenosine uptake via the nucleoside transporter. J Biol 

Chem. 1990 Feb 5; 265 (4) :1946-51. PubMed PMID:2298733.  

Narita M, Goji J, Nakamura H, Sano K. Molecular cloning, expression, and localization of 

a brain-specific phosphodiesterase I/nucleotide pyrophosphatase (PD-I alpha) 

from rat brain. J Biol Chem. 1994 Nov 11; 269 (45) :28235-42. PubMed 

PMID:7961762.  

Nash JE, Brotchie JM. A common signaling pathway for striatal NMDA and adenosine A2A 

receptors: implications for the treatment of Parkinson's disease. J Neurosci. 2000 

Oct 15; 20 (20) :7782-9. PubMed PMID:11027242.  

Nedergaard M, Takano T, Hansen AJ. Beyond the role of glutamate as a 

neurotransmitter. Nat Rev Neurosci. 2002 Sep; 3 (9) :748-55. PubMed 

PMID:12209123.  

Nicke A, Bäumert HG, Rettinger J, Eichele A, Lambrecht G, Mutschler E, Schmalzing G. 

P2X1 and P2X3 receptors form stable trimers: a novel structural motif of ligand-

gated ion channels. EMBO J. 1998 Jun 1; 17 (11) :3016-28. PubMed 

PMID:9606184; PubMed Central PMCID: PMC1170641.  



152 | P a g e  
 

Nickell PV, Uhde TW. Dose-response effects of intravenous caffeine in normal 

volunteers. Anxiety. 1994-1995; 1 (4) :161-8. PubMed PMID:9160568.  

Nörenberg W, Wirkner K, Assmann H, Richter M, Illes P. Adenosine A2A receptors inhibit 

the conductance of NMDA receptor channels in rat neostriatal neurons. Amino 

Acids. 1998; 14 (1-3) :33-9. PubMed PMID:9871438.  

North RA. Molecular physiology of P2X receptors. Physiol Rev. 2002 Oct; 82 (4) :1013-67. 

PubMed PMID:12270951.  

Olney JW. Brain lesions, obesity, and other disturbances in mice treated with 

monosodium glutamate. Science. 1969 May 9; 164 (3880) :719-21. PubMed 

PMID:5778021.  

Olney JW, Farber NB. Glutamate receptor dysfunction and schizophrenia. Arch Gen 

Psychiatry. 1995 Dec; 52 (12) :998-1007. PubMed PMID:7492260.  

Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium-apoptosis 

link. Nat Rev Mol Cell Biol. 2003 Jul; 4 (7) :552-65. PubMed PMID:12838338.  

Othman T, Yan H, Rivkees SA. Oligodendrocytes express functional A1 adenosine 

receptors that stimulate cellular migration. Glia. 2003 Nov; 44 (2) :166-72. 

PubMed PMID:14515332. 

Palmer TM, Gettys TW, Stiles GL. Differential interaction with and regulation of multiple 

G-proteins by the rat A3 adenosine receptor. J Biol Chem. 1995 Jul 14; 270 (28) 

:16895-902. PubMed PMID:7622506.  



153 | P a g e  
 

Pankratov Y, Lalo U, Verkhratsky A, North RA. Vesicular release of ATP at central 

synapses. Pflugers Arch. 2006 Aug; 452 (5) :589-97. PubMed PMID:16639550.  

Pankratov Y, Lalo U, Krishtal OA, Verkhratsky A. P2X receptors and synaptic plasticity. 

Neuroscience. 2009 Jan 12; 158 (1) :137-48. PubMed PMID:18495357.  

Pankratov Y, Lalo U, Verkhratsky A, North RA. Quantal release of ATP in mouse cortex. J 

Gen Physiol. 2007 Mar; 129 (3) :257-65. PubMed PMID:17325196; PubMed 

Central PMCID: PMC2151610.  

Pankratov Y, Lalo U, Krishtal O, Verkhratsky A. P2X receptor-mediated excitatory 

synaptic currents in somatosensory cortex. Mol Cell Neurosci. 2003 Nov; 24 (3) 

:842-9. PubMed PMID:14664830.  

Parkinson FE, Ferguson J, Zamzow CR, Xiong W. Gene expression for enzymes and 

transporters involved in regulating adenosine and inosine levels in rat forebrain 

neurons, astrocytes and C6 glioma cells. J Neurosci Res. 2006 Sep; 84 (4) :801-8. 

PubMed PMID:16862552.  

Parkinson FE, Xiong W, Zamzow CR, Chestley T, Mizuno T, Duckworth ML. Transgenic 

expression of human equilibrative nucleoside transporter 1 in mouse neurons. J 

Neurochem. 2009 Apr; 109 (2) :562-72. PubMed PMID:19222701.  

Parkinson FE, Xiong W. Stimulus- and cell-type-specific release of purines in cultured rat 

forebrain astrocytes and neurons. J Neurochem. 2004 Mar; 88 (5) :1305-12. 

PubMed PMID:15009686.  



154 | P a g e  
 

Parkinson FE, Sinclair CJ, Othman T, Haughey NJ, Geiger JD. Differences between rat 

primary cortical neurons and astrocytes in purine release evoked by ischemic 

conditions. Neuropharmacology. 2002 Oct; 43 (5) :836-46. PubMed 

PMID:12384169.  

Parkinson FE, Zhang YW, Shepel PN, Greenway SC, Peeling J, Geiger JD. Effects of 

nitrobenzylthioinosine on neuronal injury, adenosine levels, and adenosine 

receptor activity in rat forebrain ischemia. J Neurochem. 2000 Aug; 75 (2) :795-

802. PubMed PMID:10899957.  

Parravicini C, Ranghino G, Abbracchio MP, Fantucci P. GPR17: molecular modeling and 

dynamics studies of the 3-D structure and purinergic ligand binding features in 

comparison with P2Y receptors. BMC Bioinformatics. 2008 Jun 4; 9:263. PubMed 

PMID:18533035; PubMed Central PMCID: PMC2443813.  

Parri HR, Gould TM, Crunelli V. Spontaneous astrocytic Ca2+ oscillations in situ drive 

NMDAR-mediated neuronal excitation. Nat Neurosci. 2001 Aug; 4 (8) :803-12. 

PubMed PMID:11477426.  

Pascual O, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul JY, Takano H, Moss SJ, 

McCarthy K, Haydon PG. Astrocytic purinergic signaling coordinates synaptic 

networks. Science. 2005 Oct 7; 310 (5745) :113-6. PubMed PMID:16210541.  



155 | P a g e  
 

Pastor-Anglada M, Casado FJ, Valdés R, Mata J, García-Manteiga J, Molina M. Complex 

regulation of nucleoside transporter expression in epithelial and immune system 

cells. Mol Membr Biol. 2001 Jan-Mar; 18 (1) :81-5. PubMed PMID:11396615.  

Pedata F, Pazzagli M, Pepeu G. Endogenous adenosine release from hippocampal slices: 

excitatory amino acid agonists stimulate release, antagonists reduce the 

electrically-evoked release. Naunyn Schmiedebergs Arch Pharmacol. 1991 Nov; 

344 (5) :538-43. PubMed PMID:1811170.  

Peng L, Huang R, Yu AC, Fung KY, Rathbone MP, Hertz L. Nucleoside transporter 

expression and function in cultured mouse astrocytes. Glia. 2005 Oct; 52 (1) :25-

35. PubMed PMID:15892125.  

Penn RD, Loewenstein WR. Uncoupling of a nerve cell membrane junction by calcium-

ion removal. Science. 1966 Jan 7; 151 (3706) :88-9. PubMed PMID:4956065.  

Perez MT, Bruun A. Colocalization of (3H)-adenosine accumulation and GABA 

immunoreactivity in the chicken and rabbit retinas. Histochemistry. 1987; 87 (5) 

:413-7. PubMed PMID:3323143.  

Peterfreund RA, MacCollin M, Gusella J, Fink JS. Characterization and expression of the 

human A2A adenosine receptor gene. J Neurochem. 1996 Jan; 66 (1) :362-8. 

PubMed PMID:8522976.  

Petrovic-Djergovic D, Hyman MC, Ray JJ, Bouis D, Visovatti SH, Hayasaki T, Pinsky DJ. 

Tissue-resident ecto-5' nucleotidase (CD73) regulates leukocyte trafficking in the 



156 | P a g e  
 

ischemic brain. J Immunol. 2012 Mar 1; 188 (5) :2387-98. PubMed 

PMID:22291183. 

Phillis JW, Smith-Barbour M, O'Regan MH. Changes in extracellular amino acid 

neurotransmitters and purines during and following ischemias of different 

durations in the rat cerebral cortex. Neurochem Int. 1996 Aug; 29 (2) :115-20. 

PubMed PMID:8837039.  

Phillis JW, Wu PH. The role of adenosine and its nucleotides in central synaptic 

transmission. Prog Neurobiol. 1981; 16 (3-4) :187-239. PubMed PMID:6170091.  

Pierson PM, Peteri-Brunbäck B, Pisani DF, Abbracchio MP, Mienville JM, Rosso L. A(2b) 

receptor mediates adenosine inhibition of taurine efflux from pituicytes. Biol 

Cell. 2007 Aug; 99 (8) :445-54. PubMed PMID:17391106.  

Pisoni RL, Thoene JG. Detection and characterization of a nucleoside transport system in 

human fibroblast lysosomes. J Biol Chem. 1989 Mar 25; 264 (9) :4850-6. PubMed 

PMID:2925670.  

Popoli P, Betto P, Reggio R, Ricciarello G. Adenosine A2A receptor stimulation enhances 

striatal extracellular glutamate levels in rats. Eur J Pharmacol. 1995 Dec 12; 287 

(2) :215-7. PubMed PMID:8749040.  

Popoli P, Reggio R, Pèzzola A, Fuxe K, Ferré S. Adenosine A1 and A2A receptor antagonists 

stimulate motor activity: evidence for an increased effectiveness in aged rats. 

Neurosci Lett. 1998 Jul 31; 251 (3) :201-4. PubMed PMID:9726378.  



157 | P a g e  
 

Porkka-Heiskanen T, Strecker RE, Thakkar M, Bjorkum AA, Greene RW, McCarley RW. 

Adenosine: a mediator of the sleep-inducing effects of prolonged wakefulness. 

Science. 1997 May 23; 276 (5316) :1265-8. PubMed PMID:9157887.  

Porkka-Heiskanen T, Strecker RE, McCarley RW. Brain site-specificity of extracellular 

adenosine concentration changes during sleep deprivation and spontaneous 

sleep: an in vivo microdialysis study. Neuroscience. 2000; 99 (3) :507-17. 

PubMed PMID:11029542.  

Portas CM, Thakkar M, Rainnie DG, Greene RW, McCarley RW. Role of adenosine in 

behavioral state modulation: a microdialysis study in the freely moving cat. 

Neuroscience. 1997 Jul; 79 (1) :225-35. PubMed PMID:9178878.  

Potter P, White TD. Release of adenosine 5'-triphosphate from synaptosomes from 

different regions of rat brain. Neuroscience. 1980; 5 (7) :1351-6. PubMed 

PMID:7402474.  

Powell KR, Iuvone PM, Holtzman SG. The role of dopamine in the locomotor stimulant 

effects and tolerance to these effects of caffeine. Pharmacol Biochem Behav. 

2001 May-Jun; 69 (1-2) :59-70. PubMed PMID:11420069.  

Proctor WR, Baker RC, Dunwiddie TV. Differential CNS sensitivity to PIA and theophylline 

in long-sleep and short-sleep mice. Alcohol. 1985 Mar-Apr; 2 (2) :387-91. 

PubMed PMID:2990507.  



158 | P a g e  
 

Pu L, Bao GB, Xu NJ, Ma L, Pei G. Hippocampal long-term potentiation is reduced by 

chronic opiate treatment and can be restored by re-exposure to opiates. J 

Neurosci. 2002 Mar 1; 22 (5) :1914-21. PubMed PMID:11880521. 

Ralevic V, Burnstock G. Receptors for purines and pyrimidines. Pharmacol Rev. 1998 

Sep; 50 (3) :413-92. PubMed PMID:9755289.  

Ramkumar V, Stiles GL, Beaven MA, Ali H. The A3 adenosine receptor is the unique 

adenosine receptor which facilitates release of allergic mediators in mast cells. J 

Biol Chem. 1993 Aug 15; 268 (23) :16887-90. PubMed PMID:8349579.  

Ratech H, Hirschhorn R. Serum adenosine deaminase in normals and in a patient with 

adenosine deaminase deficient-severe combined immunodeficiency. Clin Chim 

Acta. 1981 Sep; 115 (3) :341-7. PubMed PMID:6975191.  

Ratech H, Thorbecke GJ, Meredith G, Hirschhorn R. Comparison and possible homology 

of isozymes of adenosine deaminase in Aves and humans. Enzyme. 1981b; 26 (2) 

:74-84. PubMed PMID:7238474.  

Rebbe NF, Hickman S. Modulation of nucleotide pyrophosphatase in plasmacytoma 

cells. Biochem Biophys Res Commun. 1991 Mar 15; 175 (2) :637-44. PubMed 

PMID:1850250.  

Redman RS, Silinsky EM. ATP released together with acetylcholine as the mediator of 

neuromuscular depression at frog motor nerve endings. J Physiol. 1994 May 15; 



159 | P a g e  
 

477 ( Pt 1):117-27. PubMed PMID:8071878; PubMed Central PMCID: 

PMC1155579.  

Ribeiro JA, Sebastião AM, de Mendonça A. Adenosine receptors in the nervous system: 

pathophysiological implications. Prog Neurobiol. 2002 Dec; 68 (6) :377-92. 

PubMed PMID:12576292.  

Richardson PJ, Brown SJ. ATP release from affinity-purified rat cholinergic nerve 

terminals. J Neurochem. 1987 Feb; 48 (2) :622-30. PubMed PMID:2432187.  

Ritzel MW, Yao SY, Ng AM, Mackey JR, Cass CE, Young JD. Molecular cloning, functional 

expression and chromosomal localization of a cDNA encoding a human 

Na+/nucleoside cotransporter (hCNT2) selective for purine nucleosides and 

uridine. Mol Membr Biol. 1998 Oct-Dec; 15 (4) :203-11. PubMed 

PMID:10087507.  

Ritzel MW, Ng AM, Yao SY, Graham K, Loewen SK, Smith KM, Ritzel RG, Mowles DA, 

Carpenter P, Chen XZ, Karpinski E, Hyde RJ, Baldwin SA, Cass CE, Young JD. 

Molecular identification and characterization of novel human and mouse 

concentrative Na+-nucleoside cotransporter proteins (hCNT3 and mCNT3) 

broadly selective for purine and pyrimidine nucleosides (system cib). J Biol Chem. 

2001 Jan 26; 276 (4) :2914-27. PubMed PMID:11032837.  



160 | P a g e  
 

Ritzel MW, Yao SY, Huang MY, Elliott JF, Cass CE, Young JD. Molecular cloning and 

functional expression of cDNAs encoding a human Na+-nucleoside cotransporter 

(hCNT1). Am J Physiol. 1997 Feb; 272 (2 Pt 1) :C707-14. PubMed PMID:9124315.  

Roberts JA, Vial C, Digby HR, Agboh KC, Wen H, Atterbury-Thomas A, Evans RJ. 

Molecular properties of P2X receptors. Pflugers Arch. 2006 Aug; 452 (5) :486-

500. PubMed PMID:16607539.  

Rose JB, Naydenova Z, Bang A, Eguchi M, Sweeney G, Choi DS, Hammond JR, Coe IR. 

Equilibrative nucleoside transporter 1 plays an essential role in cardioprotection. 

Am J Physiol Heart Circ Physiol. 2010 Mar; 298 (3) :H771-7. PubMed 

PMID:20035027.  

Rose JB, Naydenova Z, Bang A, Ramadan A, Klawitter J, Schram K, Sweeney G, Grenz A, 

Eltzschig H, Hammond J, Choi DS, Coe IR. Absence of equilibrative nucleoside 

transporter 1 in ENT1 knockout mice leads to altered nucleoside levels following 

hypoxic challenge. Life Sci. 2011 Oct 24; 89 (17-18) :621-30. PubMed 

PMID:21872611. 

Rosenbloom FM, Kelley WN, Miller J, Henderson JF, Seegmiller JE. Inherited disorder of 

purine metabolism Correlation between central nervous system dysfunction and 

biochemical defects. JAMA. 1967 Oct 16; 202 (3) :175-7. PubMed PMID:6072350.  

Ross CA, Margolis RL, Reading SA, Pletnikov M, Coyle JT. Neurobiology of schizophrenia. 

Neuron. 2006 Oct 5; 52 (1) :139-53. PubMed PMID:17015232.  



161 | P a g e  
 

Rossi DJ, Brady JD, Mohr C. Astrocyte metabolism and signaling during brain ischemia. 

Nat Neurosci. 2007 Nov; 10 (11) :1377-86. PubMed PMID:17965658.  

Rudolphi KA, Schubert P, Parkinson FE, Fredholm BB. Adenosine and brain ischemia. 

Cerebrovasc Brain Metab Rev. 1992a Winter; 4 (4) :346-69. PubMed 

PMID:1486019.  

Rudolphi KA, Schubert P, Parkinson FE, Fredholm BB. Neuroprotective role of adenosine 

in cerebral ischaemia. Trends Pharmacol Sci. 1992b Dec; 13 (12) :439-45. 

PubMed PMID:1293870.  

Rudolphi KA, Schubert P. Modulation of neuronal and glial cell function by adenosine 

and neuroprotection in vascular dementia. Behav Brain Res. 1997 Feb; 83 (1-2) 

:123-8. PubMed PMID:9062670.  

Sääksjärvi K, Knekt P, Rissanen H, Laaksonen MA, Reunanen A, Männistö S. Prospective 

study of coffee consumption and risk of Parkinson's disease. Eur J Clin Nutr. 2008 

Jul; 62 (7) :908-15. PubMed PMID:17522612. 

Salmanzadeh F, Fathollahi Y, Semnanian S, Shafizadeh M. Dependence on morphine 

impairs the induction of long-term potentiation in the CA1 region of rat 

hippocampal slices. Brain Res. 2003 Mar 7; 965 (1-2) :108-13. PubMed 

PMID:12591126.  

Salvatore CA, Jacobson MA, Taylor HE, Linden J, Johnson RG. Molecular cloning and 

characterization of the human A3 adenosine receptor. Proc Natl Acad Sci U S A. 



162 | P a g e  
 

1993 Nov 1; 90 (21) :10365-9. PubMed PMID:8234299; PubMed Central PMCID: 

PMC47775.  

Saura CA, Mallol J, Canela EI, Lluis C, Franco R. Adenosine deaminase and A1 adenosine 

receptors internalize together following agonist-induced receptor 

desensitization. J Biol Chem. 1998 Jul 10; 273 (28) :17610-7. PubMed 

PMID:9651356.  

Savaskan NE, Rocha L, Kotter MR, Baer A, Lubec G, van Meeteren LA, Kishi Y, Aoki J, 

Moolenaar WH, Nitsch R, Bräuer AU. Autotaxin (NPP-2) in the brain: cell type-

specific expression and regulation during development and after neurotrauma. 

Cell Mol Life Sci. 2007 Jan; 64 (2) :230-43. PubMed PMID:17192809.  

Sawada K, Echigo N, Juge N, Miyaji T, Otsuka M, Omote H, Yamamoto A, Moriyama Y. 

Identification of a vesicular nucleotide transporter. Proc Natl Acad Sci U S A. 

2008 Apr 15; 105 (15) :5683-6. PubMed PMID:18375752; PubMed Central 

PMCID: PMC2311367.  

Sawynok J, Downie JW, Reid AR, Cahill CM, White TD. ATP release from dorsal spinal 

cord synaptosomes: characterization and neuronal origin. Brain Res. 1993 Apr 

30; 610 (1) :32-8. PubMed PMID:8518929.  

Scemes E, Suadicani SO, Dahl G, Spray DC. Connexin and pannexin mediated cell-cell 

communication. Neuron Glia Biol. 2007 Aug; 3 (3) :199-208. PubMed 

PMID:18634611; PubMed Central PMCID: PMC2588549.  



163 | P a g e  
 

Schoen SW, Graeber MB, Reddington M, Kreutzberg GW. Light and electron 

microscopical immunocytochemistry of 5'-nucleotidase in rat cerebellum. 

Histochemistry. 1987; 87 (2) :107-13. PubMed PMID:3040642.  

Schoen SW, Kreutzberg GW. Evidence that 5'-nucleotidase is associated with malleable 

synapses--an enzyme cytochemical investigation of the olfactory bulb of adult 

rats. Neuroscience. 1995 Mar; 65 (1) :37-50. PubMed PMID:7753405.  

Schoen SW, Kreutzberg GW. Synaptic 5'-nucleotidase activity reflects lesion-induced 

sprouting within the adult rat dentate gyrus. Exp Neurol. 1994 May; 127 (1) :106-

18. PubMed PMID:8200429.  

Schrader J, Gerlach E. Compartmentation of cardiac adenine nucleotides and formation 

of adenosine. Pflugers Arch. 1976 Dec 28; 367 (2) :129-35. PubMed 

PMID:189285.  

Schwierin B, Borbély AA, Tobler I. Effects of N6-cyclopentyladenosine and caffeine on 

sleep regulation in the rat. Eur J Pharmacol. 1996 Apr 11; 300 (3) :163-71. 

PubMed PMID:8739204.  

Sebastião AM, Ribeiro JA. Adenosine receptors and the central nervous system. Handb 

Exp Pharmacol. 2009; PubMed PMID:19639292.  

Sharma R, Engemann S, Sahota P, Thakkar MM. Role of adenosine and wake-promoting 

basal forebrain in insomnia and associated sleep disruptions caused by ethanol 



164 | P a g e  
 

dependence. J Neurochem. 2010 Nov; 115 (3) :782-94. PubMed PMID:20807311; 

PubMed Central PMCID: PMC2970767.  

Shelton MK, McCarthy KD. Hippocampal astrocytes exhibit Ca2+-elevating muscarinic 

cholinergic and histaminergic receptors in situ. J Neurochem. 2000 Feb; 74 (2) 

:555-63. PubMed PMID:10646506.  

Shen HY, Coelho JE, Ohtsuka N, Canas PM, Day YJ, Huang QY, Rebola N, Yu L, Boison D, 

Cunha RA, Linden J, Tsien JZ, Chen JF. A critical role of the adenosine A2A receptor 

in extrastriatal neurons in modulating psychomotor activity as revealed by 

opposite phenotypes of striatum and forebrain A2A receptor knock-outs. J 

Neurosci. 2008 Mar 19; 28 (12) :2970-5. PubMed PMID:18354001.  

Shoji Y, Delfs J, Williams JT. Presynaptic inhibition of GABA(B)-mediated synaptic 

potentials in the ventral tegmental area during morphine withdrawal. J Neurosci. 

1999 Mar 15; 19 (6) :2347-55. PubMed PMID:10066284.  

Simon RP, Griffiths T, Evans MC, Swan JH, Meldrum BS. Calcium overload in selectively 

vulnerable neurons of the hippocampus during and after ischemia: an electron 

microscopy study in the rat. J Cereb Blood Flow Metab. 1984 Sep; 4 (3) :350-61. 

PubMed PMID:6470053.  

Sinclair CJ, LaRivière CG, Young JD, Cass CE, Baldwin SA, Parkinson FE. Purine uptake and 

release in rat C6 glioma cells: nucleoside transport and purine metabolism under 



165 | P a g e  
 

ATP-depleting conditions. J Neurochem. 2000 Oct; 75 (4) :1528-38. PubMed 

PMID:10987833.  

Skolnick P, Paul SM, Marangos PJ. Purines as endogenous ligands of the benzodiazepine 

receptor. Fed Proc. 1980 Oct; 39 (12) :3050-55. PubMed PMID:6998743.  

Slugoski MD, Smith KM, Mulinta R, Ng AM, Yao SY, Morrison EL, Lee QO, Zhang J, 

Karpinski E, Cass CE, Baldwin SA, Young JD. A conformationally mobile cysteine 

residue (Cys-561) modulates Na+ and H+ activation of human CNT3. J Biol Chem. 

2008 Sep 5; 283 (36) :24922-34. PubMed PMID:18621735; PubMed Central 

PMCID: PMC3259814.  

Slugoski MD, Ng AM, Yao SY, Lin CC, Mulinta R, Cass CE, Baldwin SA, Young JD. 

Substituted cysteine accessibility method analysis of human concentrative 

nucleoside transporter hCNT3 reveals a novel discontinuous region of functional 

importance within the CNT family motif (G/A)XKX3NEFVA(Y/M/F). J Biol Chem. 

2009 Jun 19; 284 (25) :17281-92. PubMed PMID:19380585; PubMed Central 

PMCID: PMC2719364.  

Smith KM, Ng AM, Yao SY, Labedz KA, Knaus EE, Wiebe LI, Cass CE, Baldwin SA, Chen XZ, 

Karpinski E, Young JD. Electrophysiological characterization of a recombinant 

human Na+-coupled nucleoside transporter (hCNT1) produced in Xenopus 

oocytes. J Physiol. 2004 Aug 1; 558 (Pt 3) :807-23. PubMed PMID:15194733; 

PubMed Central PMCID: PMC1665023.  



166 | P a g e  
 

Smith KM, Slugoski MD, Loewen SK, Ng AM, Yao SY, Chen XZ, Karpinski E, Cass CE, 

Baldwin SA, Young JD. The broadly selective human Na+/nucleoside 

cotransporter (hCNT3) exhibits novel cation-coupled nucleoside transport 

characteristics. J Biol Chem. 2005 Jul 8; 280 (27) :25436-49. PubMed 

PMID:15870078.  

Smith KM, Slugoski MD, Cass CE, Baldwin SA, Karpinski E, Young JD. Cation coupling 

properties of human concentrative nucleoside transporters hCNT1, hCNT2 and 

hCNT3. Mol Membr Biol. 2007 Jan-Feb; 24 (1) :53-64. PubMed PMID:17453413.  

Snyder FF, Lukey T. Kinetic considerations for the regulation of adenosine and 

deoxyadenosine metabolism in mouse and human tissues based on a thymocyte 

model. Biochim Biophys Acta. 1982 Mar 29; 696 (3) :299-307. PubMed 

PMID:6978152. 

Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS, Pettigrew KD, Sakurada O, 

Shinohara M. The [14C]deoxyglucose method for the measurement of local 

cerebral glucose utilization: theory, procedure, and normal values in the 

conscious and anesthetized albino rat. J Neurochem. 1977 May; 28 (5) :897-916. 

PubMed PMID:864466.  

Spain JW, Newsom GC. Chronic opioids impair acquisition of both radial maze and Y-

maze choice escape. Psychopharmacology (Berl). 1991; 105 (1) :101-6. PubMed 

PMID:1745703.  



167 | P a g e  
 

Sperlágh B, Heinrich A, Csölle C. P2 receptor-mediated modulation of neurotransmitter 

release-an update. Purinergic Signal. 2007 Sep; 3 (4) :269-84. PubMed 

PMID:18404441; PubMed Central PMCID: PMC2072919.  

Spitsin S, Hooper DC, Leist T, Streletz LJ, Mikheeva T, Koprowskil H. Inactivation of 

peroxynitrite in multiple sclerosis patients after oral administration of inosine 

may suggest possible approaches to therapy of the disease. Mult Scler. 2001 Oct; 

7 (5) :313-9. PubMed PMID:11724447.  

Stambaugh K, Jacobson KA, Jiang JL, Liang BT. A novel cardioprotective function of 

adenosine A1 and A3 receptors during prolonged simulated ischemia. Am J 

Physiol. 1997 Jul; 273 (1 Pt 2) :H501-5. PubMed PMID:9249524.  

Stehle JH, Rivkees SA, Lee JJ, Weaver DR, Deeds JD, Reppert SM. Molecular cloning and 

expression of the cDNA for a novel A2-adenosine receptor subtype. Mol 

Endocrinol. 1992 Mar; 6 (3) :384-93. PubMed PMID:1584214.  

Stella SL Jr, Bryson EJ, Thoreson WB. A2 adenosine receptors inhibit calcium influx 

through L-type calcium channels in rod photoreceptors of the salamander retina. 

J Neurophysiol. 2002 Jan; 87 (1) :351-60. PubMed PMID:11784755.  

Stone TW. The effects of 4-aminopyridine on the isolated vas deferens and its effects on 

the inhibitory properties of adenosine, morphine, noradrenaline and gamma-

aminobutyric acid. Br J Pharmacol. 1981 Jul; 73 (3) :791-6. PubMed 

PMID:7248668; PubMed Central PMCID: PMC2071713.  



168 | P a g e  
 

Strecker RE, Morairty S, Thakkar MM, Porkka-Heiskanen T, Basheer R, Dauphin LJ, 

Rainnie DG, Portas CM, Greene RW, McCarley RW. Adenosinergic modulation of 

basal forebrain and preoptic/anterior hypothalamic neuronal activity in the 

control of behavioral state. Behav Brain Res. 2000 Nov; 115 (2) :183-204. 

PubMed PMID:11000420.  

Sweeney MI, White TD, Sawynok J. Morphine-evoked release of adenosine from the 

spinal cord occurs via a nucleoside carrier with differential sensitivity to 

dipyridamole and nitrobenzylthioinosine. Brain Res. 1993 Jun 18; 614 (1-2) :301-

7. PubMed PMID:8348322. 

Takahashi RN, Pamplona FA, Prediger RD. Adenosine receptor antagonists for cognitive 

dysfunction: a review of animal studies. Front Biosci. 2008 Jan 1; 13:2614-32. 

PubMed PMID:17981738.  

Takano T, Oberheim N, Cotrina ML, Nedergaard M. Astrocytes and ischemic injury. 

Stroke. 2009 Mar; 40 (3 Suppl) :S8-12. PubMed PMID:19064795; PubMed Central 

PMCID: PMC2653262.  

Thakkar MM, Engemann SC, Sharma R, Sahota P. Role of wake-promoting basal 

forebrain and adenosinergic mechanisms in sleep-promoting effects of ethanol. 

Alcohol Clin Exp Res. 2010 Jun; 34 (6) :997-1005. PubMed PMID:20374215; 

PubMed Central PMCID: PMC2900438.  



169 | P a g e  
 

Thompson LF, Eltzschig HK, Ibla JC, Van De Wiele CJ, Resta R, Morote-Garcia JC, Colgan 

SP. Crucial role for ecto-5'-nucleotidase (CD73) in vascular leakage during 

hypoxia. J Exp Med. 2004 Dec 6; 200 (11) :1395-405. PubMed PMID:15583013; 

PubMed Central PMCID: PMC1237012. 

Tonkiss J, Morris RG, Rawlins JN. Intra-ventricular infusion of the NMDA antagonist AP5 

impairs performance on a non-spatial operant DRL task in the rat. Exp Brain Res. 

1988; 73 (1) :181-8. PubMed PMID:2905273.  

van Calker D, Müller M, Hamprecht B. Adenosine regulates via two different types of 

receptors, the accumulation of cyclic AMP in cultured brain cells. J Neurochem. 

1979 Nov; 33 (5) :999-1005. PubMed PMID:228008.  

Van der Weyden MB, Kelley WN. Human adenosine deaminase Distribution and 

properties. J Biol Chem. 1976 Sep 25; 251 (18) :5448-56. PubMed PMID:9388.  

Verkhratsky A, Kettenmann H. Calcium signalling in glial cells. Trends Neurosci. 1996 

Aug; 19 (8) :346-52. PubMed PMID:8843604.  

Verkhratsky A, Orkand RK, Kettenmann H. Glial calcium: homeostasis and signaling 

function. Physiol Rev. 1998 Jan; 78 (1) :99-141. PubMed PMID:9457170.  

Verkhratsky A. Physiology and pathophysiology of the calcium store in the endoplasmic 

reticulum of neurons. Physiol Rev. 2005 Jan; 85 (1) :201-79. PubMed 

PMID:15618481.  



170 | P a g e  
 

Vernadakis A. Glia-neuron intercommunications and synaptic plasticity. Prog Neurobiol. 

1996 Jun; 49 (3) :185-214. PubMed PMID:8878303.  

Vogel M, Kowalewski H, Zimmermann H, Hooper NM, Turner AJ. Soluble low-Km 5'-

nucleotidase from electric-ray (Torpedo marmorata) electric organ and bovine 

cerebral cortex is derived from the glycosyl-phosphatidylinositol-anchored 

ectoenzyme by phospholipase C cleavage. Biochem J. 1992 Jun 15; 284 ( Pt 

3):621-4. PubMed PMID:1535775; PubMed Central PMCID: PMC1132579.  

Von Lubitz DK, Lin RC, Boyd M, Bischofberger N, Jacobson KA. Chronic administration of 

adenosine A3 receptor agonist and cerebral ischemia: neuronal and glial effects. 

Eur J Pharmacol. 1999 Feb 19; 367 (2-3) :157-63. PubMed PMID:10078988.  

Von Lubitz DK, Lin RC, Popik P, Carter MF, Jacobson KA. Adenosine A3 receptor 

stimulation and cerebral ischemia. Eur J Pharmacol. 1994 Sep 22; 263 (1-2) :59-

67. PubMed PMID:7821362.  

Wang J, Su SF, Dresser MJ, Schaner ME, Washington CB, Giacomini KM. Na(+)-

dependent purine nucleoside transporter from human kidney: cloning and 

functional characterization. Am J Physiol. 1997 Dec; 273 (6 Pt 2) :F1058-65. 

PubMed PMID:9435697.  

Wang TF, Guidotti G. Golgi localization and functional expression of human uridine 

diphosphatase. J Biol Chem. 1998 May 1; 273 (18) :11392-9. PubMed 

PMID:9556635.  



171 | P a g e  
 

Wang X, Lou N, Xu Q, Tian GF, Peng WG, Han X, Kang J, Takano T, Nedergaard M. 

Astrocytic Ca2+ signaling evoked by sensory stimulation in vivo. Nat Neurosci. 

2006 Jun; 9 (6) :816-23. PubMed PMID:16699507.  

Wang Z, Haydon PG, Yeung ES. Direct observation of calcium-independent intercellular 

ATP signaling in astrocytes. Anal Chem. 2000 May 1; 72 (9) :2001-7. PubMed 

PMID:10815957.  

Ward JL, Sherali A, Mo ZP, Tse CM. Kinetic and pharmacological properties of cloned 

human equilibrative nucleoside transporters, ENT1 and ENT2, stably expressed in 

nucleoside transporter-deficient PK15 cells Ent2 exhibits a low affinity for 

guanosine and cytidine but a high affinity for inosine. J Biol Chem. 2000 Mar 24; 

275 (12) :8375-81. PubMed PMID:10722669.  

Wardas J, Konieczny J, Lorenc-Koci E. SCH 58261, an A(2A) adenosine receptor 

antagonist, counteracts parkinsonian-like muscle rigidity in rats. Synapse. 2001 

Aug; 41 (2) :160-71. PubMed PMID:11400182.  

Warskulat U, Heller-Stilb B, Oermann E, Zilles K, Haas H, Lang F, Häussinger D. 

Phenotype of the taurine transporter knockout mouse. Methods Enzymol. 2007; 

428:439-58. PubMed PMID:17875433.  

White BC, Wiegenstein JG, Winegar CD. Brain ischemic anoxia Mechanisms of injury. 

JAMA. 1984 Mar 23-30; 251 (12) :1586-90. PubMed PMID:6366268.  



172 | P a g e  
 

White TD. Release of ATP from a synaptosomal preparation by elevated extracellular K+ 

and by veratridine. J Neurochem. 1978 Feb; 30 (2) :329-36. PubMed 

PMID:624940.  

Woods MD, Freshney RI, Ball SG, Vaughan PF. Regulation of cyclic AMP formation in 

cultures of human foetal astrocytes by beta 2-adrenergic and adenosine 

receptors. J Neurochem. 1989 Sep; 53 (3) :864-9. PubMed PMID:2569506.  

Woodson JC, Minor TR, Job RF. Inhibition of adenosine deaminase by erythro-9-(2-

hydroxy-3-nonyl)adenine (EHNA) mimics the effect of inescapable shock on 

escape learning in rats. Behav Neurosci. 1998 Apr; 112 (2) :399-409. PubMed 

PMID:9588486. 

Yamada Y, Goto H, Ogasawara N. Purification and properties of adenosine kinase from 

rat brain. Biochim Biophys Acta. 1980 Dec 4; 616 (2) :199-207. PubMed 

PMID:6260151. 

Yao SY, Ng AM, Sundaram M, Cass CE, Baldwin SA, Young JD. Transport of antiviral 3'-

deoxy-nucleoside drugs by recombinant human and rat equilibrative, 

nitrobenzylthioinosine (NBMPR)-insensitive (ENT2) nucleoside transporter 

proteins produced in Xenopus oocytes. Mol Membr Biol. 2001 Apr-Jun; 18 (2) 

:161-7. PubMed PMID:11463208.  

Yao SY, Ng AM, Vickers MF, Sundaram M, Cass CE, Baldwin SA, Young JD. Functional and 

molecular characterization of nucleobase transport by recombinant human and 



173 | P a g e  
 

rat equilibrative nucleoside transporters 1 and 2 Chimeric constructs reveal a 

role for the ENT2 helix 5-6 region in nucleobase translocation. J Biol Chem. 2002 

Jul 12; 277 (28) :24938-48. PubMed PMID:12006583.  

Yee BK, Singer P, Chen JF, Feldon J, Boison D. Transgenic overexpression of adenosine 

kinase in brain leads to multiple learning impairments and altered sensitivity to 

psychomimetic drugs. Eur J Neurosci. 2007 Dec; 26 (11) :3237-52. PubMed 

PMID:18005073.  

Young JD, Yao SY, Sun L, Cass CE, Baldwin SA. Human equilibrative nucleoside 

transporter (ENT) family of nucleoside and nucleobase transporter proteins. 

Xenobiotica. 2008 Jul; 38 (7-8) :995-1021. PubMed PMID:18668437.  

Zamzow CR, Xiong W, Parkinson FE. Adenosine produced by neurons is metabolized to 

hypoxanthine by astrocytes. J Neurosci Res. 2008a Nov 15; 86 (15) :3447-55. 

PubMed PMID:18627033.  

Zamzow CR, Xiong W, Parkinson FE. Astrocytes affect the profile of purines released 

from cultured cortical neurons. J Neurosci Res. 2008b Sep; 86 (12) :2641-9. 

PubMed PMID:18478552.  

Zamzow CR, Bose R, Parkinson FE. N-methyl-D-aspartate-evoked adenosine and inosine 

release from neurons requires extracellular calcium. Can J Physiol Pharmacol. 

2009 Oct; 87 (10) :850-8. PubMed PMID:20052011.  



174 | P a g e  
 

Zhang D, Xiong W, Albensi BC, Parkinson FE. Expression of human equilibrative 

nucleoside transporter 1 in mouse neurons regulates adenosine levels in 

physiological and hypoxic-ischemic conditions. J Neurochem. 2011 Jul; 118 (1) :4-

11. PubMed PMID:21395582.  

Zhang G, Franklin PH, Murray TF. Activation of adenosine A1 receptors underlies 

anticonvulsant effect of CGS21680. Eur J Pharmacol. 1994 Apr 1; 255 (1-3) :239-

43. PubMed PMID:8026549.  

Zhang Z, Chen G, Zhou W, Song A, Xu T, Luo Q, Wang W, Gu XS, Duan S. Regulated ATP 

release from astrocytes through lysosome exocytosis. Nat Cell Biol. 2007 Aug; 9 

(8) :945-53. PubMed PMID:17618272.  

Zhou M, Engel K, Wang J. Evidence for significant contribution of a newly identified 

monoamine transporter (PMAT) to serotonin uptake in the human brain. 

Biochem Pharmacol. 2007 Jan 1; 73 (1) :147-54. PubMed PMID:17046718; 

PubMed Central PMCID: PMC1828907.  

Zimmermann H. 5'-Nucleotidase: molecular structure and functional aspects. Biochem J. 

1992 Jul 15; 285 ( Pt 2):345-65. PubMed PMID:1637327; PubMed Central PMCID: 

PMC1132794.  

Zimmermann H. Biochemistry, localization and functional roles of ecto-nucleotidases in 

the nervous system. Prog Neurobiol. 1996 Aug; 49 (6) :589-618. PubMed 

PMID:8912394.  



175 | P a g e  
 

Zimmermann H, Braun N. Extracellular metabolism of nucleotides in the nervous 

system. J Auton Pharmacol. 1996 Dec; 16 (6) :397-400. PubMed PMID:9131425.  

Zimmermann H. Prostatic acid phosphatase, a neglected ectonucleotidase. Purinergic 

Signal. 2009 Sep; 5 (3) :273-5. PubMed PMID:19322680; PubMed Central PMCID: 

PMC2717315.  

Zurn AD, Do KQ. Purine metabolite inosine is an adrenergic neurotrophic substance for 

cultured chicken sympathetic neurons. Proc Natl Acad Sci U S A. 1988 Nov; 85 

(21) :8301-5. PubMed PMID:3186724; PubMed Central PMCID: PMC282417.  

Zurn AD. Catecholaminergic traits of chick sympathetic neurons may be differentially 

regulated by a cGMP-dependent pathway. Brain Res Dev Brain Res. 1991 Jan 15; 

58 (1) :105-10. PubMed PMID:1673090. 

 




