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Regulation of adenosine levels during cerebral 
ischemia
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Adenosine is a neuromodulator with its level increasing up to 100-fold during ischemic events, and attenuates the excitotoxic neuronal 
injury.  Adenosine is produced both intracellularly and extracellularly, and nucleoside transport proteins transfer adenosine across 
plasma membranes.  Adenosine levels and receptor-mediated effects of adenosine are regulated by intracellular ATP consumption, cel-
lular release of ATP, metabolism of extracellular ATP (and other adenine nucleotides), adenosine influx, adenosine efflux and adenosine 
metabolism.  Recent studies have used genetically modified mice to investigate the relative contributions of intra- and extracellular 
pathways for adenosine formation.  The importance of cortical or hippocampal neurons as a source or a sink of adenosine under basal 
and hypoxic/ischemic conditions was addressed through the use of transgenic mice expressing human equilibrative nucleoside trans-
porter 1 (hENT1) under the control of a promoter for neuron-specific enolase.  From these studies, we conclude that ATP consump-
tion within neurons is the primary source of adenosine in neuronal cultures, but not in hippocampal slices or in vivo mice exposed to 
ischemic conditions.  
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Introduction
Adenosine is a neuromodulator with receptor-mediated 
effects.  De novo synthesis of adenosine in brain is low[1]; thus, 
adenosine is primarily derived from dephosphorylation of 
ATP.  In physiological conditions, cells salvage adenosine 
and other nucleosides for nucleotide synthesis.  However, in 
ischemic conditions ATP concentrations drop and adenosine 
levels rise.  Since basal adenosine levels are in the nanomolar 
range and basal ATP levels are in the low millimolar range, 
a small percentage drop in ATP can translate into a several 
fold increase in adenosine levels[2].  From these considerations 
adenosine was termed a “retaliatory metabolite”[3]; however, it 
is evident that adenosine functions in other roles as well.  

The purpose of this brief review is to discuss recent findings 
from mice genetically modified to increase or decrease nucleo-
side transporter expression.  We conclude that the levels and 
actions of adenosine are influenced by nucleoside transporter 
expression; however, the experimental preparation and the 
experimental conditions used modulate the influence of trans-
porter abundance. 
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Adenosine – not merely a retaliatory metabolite
A common view of adenosine is that it is a retaliatory metabol-
ite and is of particular relevance during hypoxia and ischemia 
when ATP levels are low[3].  Adenosine has effects through 
activation of members of a family of G-protein coupled recep-
tors, termed A1, A2A, A2B, and A3.  In particular, adenosine 
A1 receptor activity most closely corresponds to that of a 
retaliatory metabolite, as this receptor produces inhibition 
of neurotransmitter release secondary to inhibition of cal-
cium channel opening and, in addition, causes post-synaptic 
inhibition by promoting potassium channel opening[2].  The 
concept of adenosine as a retaliatory metabolite includes the 
vasodilatation that can result from the activation of adenosine 
A2A receptors on vascular smooth muscle, an effect that would 
serve to enhance delivery of oxygen and glucose to metabol-
ically stressed cells.  However, since activation of adenosine 
A2A receptors on striatal neurons is associated with enhanced 
ischemic injury, the view of adenosine as a retaliatory metab-
olite is insufficient to describe all its actions[4, 5].  Furthermore, 
as illustrated by the pharmacological effects of caffeine, a non-
selective antagonist of adenosine receptors, it is apparent that 
adenosine’s effects are observed in conditions of physiological 
levels of oxygen and glucose and not just during conditions of 
high ATP consumption, such as hypoxia and ischemia.



61

www.chinaphar.com
Chu S et al

Acta Pharmacologica Sinica

npg

As a retaliatory metabolite, adenosine shares the stage 
with AMP.  There is abundant evidence that AMP is an intra-
cellular sensor of energy depletion.  As ATP levels fall, AMP 
levels rise and AMP dependent kinase (AMPK) is activated[6].  
AMPK is activated by phosphorylation (pAMPK) and it, in 
turn, phosphorylates a wide range of substrates to activate 
catabolic pathways and inhibit anabolic pathways[7].  AMPK 
is expressed in neurons and pAMPK is increased in neurons 
in ischemic brain where it persists during several hours of 
reperfusion[6].  Both neuroprotective and deleterious effects 
of AMPK inhibition have been reported in stroke studies[6, 8].  
During hypoxia and ischemia, and in tissues with abundant 
adenosine A1 receptors, it may be that both AMP and adeno-
sine act as retaliatory metabolites, with AMP acting intracellu-
larly via AMPK and adenosine acting extracellularly via its A1 
receptors.  

The view of adenosine as primarily a retaliatory metabol-
ite is also being revised in light of the expanding volume of 
information about purinergic P2 receptors that utilize ATP 
and other nucleotides as agonists.  The prevalence of these 
signalling pathways has led to the hypothesis that the effects 
of adenosine at its receptors are secondary to the effects of 
nucleotides at P2 receptors[9–11].  Depending on the receptor 
subtype expressed, ATP enhances or inhibits glutamate neuro-
transmission[12].  Thus, it has been demonstrated that ATP can 
produce inhibitory or excitatory effects, via P2X or P2Y recep-
tors, with subsequent inhibitory effects via A1 receptors or 
excitatory effects via A2A receptors after metabolism to adeno-
sine[10, 11].  

Nucleoside transporters regulate extracellular adenosine 
levels
Nucleoside transporters facilitate the movement of adenosine, 
and other physiological and chemotherapeutic nucleosides, 
across biological membranes.  Transporter-mediated cellular 
influx or efflux of adenosine attenuates or enhances, respect-
ively, extracellular levels of adenosine and adenosine receptor 
activity.  Two families of nucleoside transporters have been 
described, equilibrative and concentrative, with the former 
expressed by all cell types and the latter localized primarily 
in absorptive tissues such as epithelial cells[13].  Concentrative 
nucleoside transporters (CNTs) are members of the solute car-
rier 28 (SLC28) gene family.  They are sodium symporters and, 
thus, mediate cellular influx of nucleosides in the presence of 
an inwardly directed sodium gradient.  Three CNTs (CNT1-3) 
have been described and CNT2 and CNT3 accept adenosine 
as a permeant; however, to date a role for CNTs in regulat-
ing adenosine levels and adenosine receptor activity has not 
been demonstrated in CNS tissue[13].  Four members of the 
equilibrative nucleoside transporter (ENT) family, also known 
as SLC29, have been identified: ENT1-4.  ENT1 and ENT2 are 
bidirectional and, thus, facilitate net cellular influx or efflux 
of nucleosides, including adenosine, according to the prevail-
ing concentration gradient of permeants.  Virtually all cells 
appear to express ENT1 and/or ENT2.  A potent inhibitor, 
S-(p-nitrobenzyl)-6-thioinosine (NBTI), is available as a phar-

macological tool and as a radioligand for ENT1.  No similar 
highly selective and high affinity probe is available for ENT2; 
however, non-selective inhibition of ENT1 and ENT2, lead-
ing to potentiation of the vasodilatory actions of adenosine, 
is the pharmacological mechanism of action of the coronary 
dilators dipyridamole and dilazep.  ENT3 and ENT4 are less 
studied members of the ENT family and their importance in 
regulating adenosine levels and adenosine receptor activity is 
poorly characterized.  ENT3 has an intracellular localization 
and is, thus, unlikely to affect adenosine levels and adenosine 
receptor activity[14].  ENT4 is also known as plasma membrane 
monoamine transporter (PMAT).  It is expressed in heart and 
brain and has relatively low affinity for transport of adenosine 
and serotonin[15].  Interestingly, ENT4 has enhanced activity 
at acidic pH relative to physiological pH; thus, it may be of 
importance in acidotic conditions of ischemia[15].  

  ENT1 knock out mice were developed to investigate 
the role of adenosine as a mediator of the pharmacological 
effects of ethanol[16].  These mice exhibited decreased motor-
incoordination and hypnosis after ethanol administration, 
which were associated with reduced basal levels of extra-
cellular adenosine and reduced basal activity of adenosine 
A1 receptors in nucleus accumbens[16, 17].  In contrast to these 
decreases in adenosine levels in brain, increased blood levels 
of adenosine were observed in ENT1 knock out mice, relative 
to wild type mice[18]; in further studies, ENT1 knock out mice 
exhibited ischemic cardioprotection, consistent with enhanced 
adenosine A1 receptor activity[19].  

Considering that extracellular adenosine levels in ENT1 
knock out mice appear to be decreased in brain, suggesting 
intracellular adenosine formation, yet increased peripherally, 
suggesting extracellular adenosine formation, it appears the 
pathway for adenosine formation is highly dependent upon 
the experimental conditions and cells or tissues under investi-
gation.  To address the question of whether, or to what extent, 
adenosine is formed from ATP, the intracellular energy mol-
ecule, or from ATP, the extracellular signalling molecule (Fig-
ure 1), we have used three different experimental preparations 
derived from brain: primary cultures of neurons and astro-
cytes, hippocampal slices and anesthetized mice.  Adenosine 

Figure 1.  Extracellular adenosine produces receptor-mediated effects.  
The relative contributions of adenosine formed intracellularly, from ATP 
the energy molecule, and adenosine formed extracellularly, from ATP the 
signalling molecule, to the receptor-mediated effects of adenosine are 
under investigation.  
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levels, adenosine A1 receptor activity and ischemic infarct 
sizes were used as outcomes to ascertain whether intracellular 
or extracellular ATP was the primary source of adenosine dur-
ing physiological and hypoxic/ischemic conditions.  

Cultured neurons, but not astrocytes, release adenosine 
via ENTs
To mimic ischemia, rat cortical neurons were treated with 
N-methyl-D-aspartate (NMDA), hypoxia, or oxygen-glucose 
deprivation and increases in extracellular levels of adeno-
sine were measured[20–22].  The appearance of adenosine in 
the extracellular media was inhibited by the equilibrative 
nucleoside transport (ENT) inhibitor dipyridamole, indicating 
that adenosine was formed intracellularly during these ATP-
depleting conditions, and released from cells via a nucleoside 
transport system (Figure 2).  In contrast, similar experiments 
were performed with rat cortical astrocytes, but dipyridamole 
did not affect the appearance of adenosine in the extracellular 
media[20–22].  Instead, α,β-methylene adenosine diphosphate 
(AOPCP) decreased the appearance of adenosine[20–22].  As 
AOPCP is an inhibitor of ecto-5’-nucleotidase, these data 
indicated that astrocytes release adenine nucleotides that are 
metabolized to adenosine in the extracellular environment.  

Co-cultures of rat cortical astrocytes and cortical neur-
ons were tested for the presence of extracellular adenosine 
following treatment of co-cultures with NMDA, to induce 

excitotoxicity[21, 22].  Although NMDA receptors are more abun-
dant on neurons than astrocytes, and NMDA treatment of 
neurons evokes adenosine release via nucleoside transporters, 
NMDA treatment of co-cultures induced adenosine release 
that was inhibited by AOPCP[21, 22].  These data indicate that 
the extracellular pathway is predominant when both cell types 
are present.  

Human equilibrative nucleoside transporter 1 (hENT1) 
transgenic mice
Given that during excitotoxic conditions, adenosine appears 
to be released selectively from neurons via a nucleoside trans-
porter mechanism, we developed a transgenic mouse model 
to further explore adenosine release mechanisms[23].  A trans-
gene consisting of the rat promoter region for neuron specific 
enolase was coupled to the coding sequence of human equili-
brative nucleoside transporter 1 (hENT1) and used to develop 
mice with neuron specific expression of hENT1.  We reasoned 
that ENT facilitate adenosine efflux during events where 
adenosine receptor mediated effects are a result of intracellular 
adenosine formation, subsequent to ATP utilization, yet facili-
tate adenosine influx during events where adenosine receptor 
mediated effects are a result of extracellular adenosine forma-
tion (Figure 2).  Since neurons are more sensitive to ischemic 
injury than astrocytes and show more rapid depletion of intra-
cellular ATP[20], and since in cell culture rat neurons appear to 
release adenosine per se during stroke-like conditions[22], we 
created mice with neuron specific expression of hENT1[23].  

Using the high affinity and highly selective radioligand 
[3H]NBTI to radiolabel mouse ENT1 and hENT1, we found 
high expression of ENT1 proteins in synaptosomes prepared 
from cortex (Figure 3) and hippocampus[24].  Maximum bind-
ing site density (Bmax) was increased more than 15-fold in 
synaptosomes from transgenic mice (Figure 3)[24].  Affinity 
constants (Kd values) were increased 2-fold in samples from 
transgenic mice.  

Figure 2.  Pathways for adenosine formation.  Intracellularly, adenosine 
is primarily formed by dephosphorylation of ATP, although cAMP and S-
adenosyl homocysteine are alternative precursors for adenosine forma-
tion.  Extracellularly, adenosine is thought to be a product of ATP that is 
metabolized by a series of ecto-enzymes.  Nucleoside transport processes 
mediate cellular uptake or release of adenosine and other nucleosides, 
including inosine.  Concentrative nucleoside transporters (CNT) and equili-
brative nucleoside transporters (ENT) are highlighted.

Figure 3. Abundance of human equilibrative nucleoside transporter 1 
(hENT1) determined from radioligand binding assays utilizing the selective 
radioligand [3H] S-(p-nitrobenzyl)-6-thioinosine ([3H]NBTI; 0.05–1.2 nmol/L) 
and synaptosomal preparations from cortex of heterozygous hENT1 trans-
genic mice (Tg) and wild type littermates (Wt).  Assays with cortical syn-
aptosomes were performed using the methods previously published for 
hippocampal synaptosomes and similar results were obtained[24].
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Cultured neurons, from hENT1 transgenic mice, release 
adenosine via ENTs
Using cortical neurons cultured from wild type or transgenic 
hENT1 mice, [3H]adenosine uptake into hENT1 neurons was 
greater than uptake into wild type neurons (Figure 4A).  It is 
of interest that, while there was greater than 15-fold increase 
in ENT1 density in synaptosomal membranes, this led to only 
a 40% increase in [3H]adenosine uptake into cultured neurons.  
However, cellular accumulation of adenosine is determined by 
transport across the plasma membrane followed by intracellu-
lar trapping, with the latter as the rate limiting process.  Low 
activity of adenosine kinase, which has been reported to be an 
astrocytic enzyme[25], is likely to limit the intracellular accumu-
lation of [3H]adenosine by neurons.  

Wild type and hENT1 transgenic neurons were treated with 
an excitotoxic condition, 100 µmol/L NMDA for 30 min, and 
extracellular adenosine levels were determined (Figure 4B).  
NMDA treatment of hENT1 transgenic neurons led to a 75% 

increase in extracellular adenosine levels, relative to the same 
treatment of wild type neurons.  As previously observed with 
rat neurons[22], this increase in adenosine was abolished by 
treatment with dipyridamole, indicating that nucleoside trans-
porters mediated adenosine release from neurons.  Again, 
it was noted that there was a mismatch between the 15-fold 
increase in ENT1 density in synaptosomal membranes and 
the 75% increase in adenosine release from cultured neurons 
evoked by NMDA.  This is largely explained by the finite 
quantities of intracellular purines; treatment with NMDA 
causes release of upwards of 20% of radiolabelled purines 
from these cells.

Hippocampal slice electrophysiology as a bioassay for 
adenosine production 
Hippocampal slices from rats and mice have been used to rec-
ord excitatory post-synaptic potentials for many years.  Using 
this method, it has been demonstrated that basal adenosine 
levels inhibit synaptic activity via activation of adenosine 
A1 receptors[26].  Exogenous adenosine and receptor agon-
ists decrease synaptic activity whereas receptor antagonists 
increase synaptic activity[26].  

Hypoxia and oxygen-glucose deprivation decrease synaptic 
activity in hippocampal slices[27, 28].  Adenosine A1 receptor 
antagonists attenuate this synaptic inhibition[28].  This synaptic 
inhibition is also attenuated in slices from A1 receptor knock 
out mice[29].  Thus, conditions such as hypoxia increase extra-
cellular adenosine levels and promote adenosine A1 receptor 
activity.  Using an enzyme-based biosensor, Frenguelli and 
colleagues have demonstrated that extracellular adenosine lev-
els rapidly increase in hippocampal slices exposed to ischemic 
conditions; increases in extracellular ATP were also observed, 
but were slower and more modest than the increases in 
adenosine[30].  The effect of calcium on adenosine and ATP 
release evoked by ischemic conditions was examined.  Adeno-
sine release was increased, but ATP release was reduced, 
in calcium-free aCSF containing EGTA, relative to physio-
logical aCSF.  Furthermore, ischemia-evoked ATP release was 
enhanced, but adenosine release was not significantly altered, 
by treatment with kynurenic acid, a non-selective antagonist 
of ionotropic glutamate receptors.  In sum, these data sug-
gest that the ischemia-evoked release of adenosine is largely 
independent of ATP release[30].  

Nucleoside transport inhibitors produce synaptic inhibition 
that is blocked by adenosine A1 receptor antagonists[26] and 
these inhibitors were shown to increase adenosine release 
without an effect on ATP release from ischemic slices[30], indi-
cating that these transporters are more important for adeno-
sine uptake than adenosine release during physiological and 
hypoxic/ischemic conditions.  

Neuronal ENTs in hippocampus mediate adenosine 
uptake not release during hypoxia/ischemia
In light of research showing that nucleoside transport inhibit-
ors enhance the actions of adenosine in hippocampal slices[24, 26] 
yet in neuron cultures these inhibitors prevent evoked release 

Figure 4.  Adenosine uptake (A) and release (B) from cultured cortical 
neurons from wild type (Wt) or hENT1 transgenic (Tg) mice.  (A) [3H]Adeno-
sine (1 µmol/L; 0.1 µCi) uptake was performed at 22 ºC using primary 
cultures of neurons (11–15 d in vitro) using an assay volume of 0.5 mL 
and an uptake interval of 1 min.  Non-specific uptake was determined with 
dipyridamole (Dpr; 30 µmol/L).  For further details on methods, see [36].  
cP<0.01; t-test.  (B) Neurons were incubated for 30 min at 37 ºC with [3H]
adenine to radiolabel intracellular ATP, then treated with buffer, Dpr (30 
µmol/L), N-methyl-D-aspartate (NMDA; 100 µmol/L) or the combination 
of Dpr and NMDA for 30 min at 37 ºC to evoke release of purines.  [3H]
Purines were separated by thin layer chromatography and quantified by 
scintillation spectroscopy.  For additional details on methods, see [22].  
Data are mean±SEM (n≥8) and are expressed as pmol/mg protein (A) or 
fold change, relative to wild type controls (B).  Data were analyzed by two-
way ANOVA.  cP<0.01 vs controls.  fP<0.01 vs NMDA.  iP<0.01 vs wild type 
NMDA. 
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of adenosine[18, 20] (Figure 4), we tested adenosine-dependent 
responses to basal, hypoxic or ischemia-like conditions in 
hippocampal slices from hENT1 transgenic, relative to wild 
type, mice.  

Using hippocampal slices from wild type mice, it was noted 
that exogenous adenosine inhibited synaptic transmission 
with an IC50 value of approximately 25 µmol/L; however, 
using slices from hENT1 transgenic mice, adenosine had 
an IC50 value of greater than 50 µmol/L[24].  In contrast, the 
adenosine A1 receptor agonist, N6-cyclopentyladenosine had 
similar inhibitory potency in slices from wild type and hENT1 
transgenic slices.  Furthermore, the A1 receptor antagonist 
8-cyclopentyl-1,3-dipropyl-xanthine increased synaptic activ-
ity in wild type slices but had no stimulatory effect in hENT1 
transgenic slices, indicating that basal adenosine levels were 
reduced in transgenic slices.  In slices exposed to hypoxic or 
oxygen-glucose deprivation conditions, hENT1 transgenic 
slices showed less synaptic inhibition than wild type slices 
(Figure 5).  NBTI (100 nmol/L) decreased synaptic activity in 
slices from both wild type and hENT1 transgenic mice and 
enhanced the synaptic depression produced by hypoxia or 
oxygen-glucose deprivation.  This effect was greater in slices 
from hENT1 transgenic mice (Figure 5) as, in the presence 
of NBTI, wild type and hENT1 transgenic slices responded 
similarly to hypoxia or oxygen-glucose deprivation.  Together, 
these data indicate that hENT1 expression in hippocampal 
neurons was associated with reduced extracellular adenosine 
levels, increased clearance of extracellularly applied adeno-
sine, and reduced adenosine receptor activation in response to 
hypoxia or ischemia-like conditions.

Neuronal hENT1 expression is associated with larger 
endothelin-1 induced cerebral infarcts
Endothelin-1 is a potent vasoconstrictor that has been used 
to produce ischemic infarcts[31].  Previously, it has been deter-
mined that reduction of blood flow to 20% of normal flow 
results in ischemic injury[32].  We found that an injection of 
endothelin-1 (400 pmol) into cerebral cortex produced a long-
lasting decrease in blood flow at the site of injection[33].  Using 
perfusion-weighted magnetic resonance imaging, cerebral 
blood flow was determined at 4 and 48 h post-injection and 
found to be less than 15% and 50%, respectively, relative to 
pre-injection values.  Volume matched saline injections pro-
duced transient decreases in cerebral blood flow that returned 
to pre-injection values within 48 h.

Interestingly, while cerebral blood flow responses were sim-
ilar between wild type and hENT1 transgenic mice, cerebral 
infarct sizes were 60% larger, as determined by T2-weighted 
magnetic resonance imaging, in hENT1 transgenic mice[33].  
This genotype difference in infarct sizes was not evident in 
mice that had received the adenosine receptor antagonist caf-
feine (25 mg/kg, ip) 30 min prior to intracerebral injection of 
endothelin-1, indicating that a genotype difference in ischemic 
adenosine levels and adenosine receptor activity was respon-
sible for the differences in ischemic infarct sizes between wild 
type and hENT1 transgenic mice[33].  

Conclusions from ENT1 null and hENT1 transgenic mice 
Adenosine dependent activation of A1 receptors is beneficial 
in cerebral ischemia[34].  It has been repeatedly demonstrated 
that activation of A1 receptors causes a rapid and profound 
decrease in synaptic activity with hypoxia or oxygen-glucose 
deprivation[26, 28, 35, 36].  Nevertheless, the origin of this adeno-
sine is still under investigation.  

ENT1 is an equilibrative transporter that transports adenos-
ine across cell membranes in a direction dictated by its concen-
tration gradient.  We proposed that, in neurons and brain tis-
sues from mice with enhanced neuronal expression of ENT1, 
elevated extracellular adenosine levels and enhanced adenos-
ine A1 receptor activity would be observed if adenosine was 
primarily produced intracellularly, in accordance with the tra-

Figure 5.  Extracellular post-synaptic excitatory potentials (fEPSP) were 
recorded from electrically stimulated hippocampal slices from wild type 
(Wt) or hENT1 transgenic (Tg) mice.  Synaptic responses were evoked by 
stimulation of the Schaffer collateral/commissural pathway with a con-
centric bipolar stimulating electrode with 0.1 ms pulse width at 30 s inter-
vals.  Extracellular field excitatory postsynaptic potentials (fEPSPs) were 
recorded in striatum radiatum of CA1 hippocampus using glass microelec-
trodes (1–2 Ω) filled with aCSF.  Slices were continuously superfused with 
aCSF or with 100 nmol/L S-(p-nitrobenzyl)-6-thioinosine (NBTI) in aCSF at 
a flow rate of 1.5 mL/min (32.5 ºC).  (A) Slices were exposed to glucose-
free hypoxic aCSF (oxygen-glucose deprivation; OGD) for 3 min.  (B) Slices 
were exposed to hypoxic aCSF for 10 min.  Representative wave forms 
show fEPSP response before (black) or during OGD (A) or hypoxia (B) from 
Wt (green) or Tg (blue) slices.  Bars are mean±SEM (n≥3) of maximally in-
hibited fEPSP responses, calculated as the difference between black and 
colored waveforms.  Data were analyzed by one-way ANOVA and Bonfer-
roni post-tests. bP<0.05 vs Wt. eP<0.05 vs Tg.  Data are adapted from [24]; 
for additional details on methods, see[24].  
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ditional view of adenosine acting as a retaliatory metabolite.  
Interestingly, our studies reveal a difference between cultured 
neurons and hippocampal slices.  The neuronal cultures exhib-
ited nucleoside transporter mediated adenosine release during 
conditions of excitotoxicity but the hippocampal slices exhib-
ited neuronal transporter mediated adenosine uptake during 
hypoxia/ischemia.  The in vivo stroke model was consistent 
with the hippocampal slice experiments, as stroke injury was 
enhanced in hENT1 transgenic mice, which would be expected 
if adenosine levels and adenosine A1 receptor activity were 
reduced (Figure 6).  

From our results, we conclude that when fetal neurons are 
cultured in isolation of other cell types, they appear to efflux 
cytoplasmic adenosine, produced from intracellular ATP that 
is rapidly degraded during conditions of hypoxia or ischemia.  
However, this is not the primary source of adenosine in in vitro 
hippocampus or in vivo cerebral cortex, derived from adult 
animals.  Interestingly, adenosine levels and adenosine recep-
tor activity were decreased in nucleus accumbens from ENT1 
knock out mice, indicating that ENT1 mediates net adenosine 
efflux in this brain region[16, 17].  Further research is required 
to resolve these differences between pathways that produce 
adenosine in cultured neurons and in different regions of 
adult brain.  As cytosolic formation of adenosine in neurons 
is not a primary source of adenosine under basal, hypoxic 
or ischemic experimental conditions in adult cerebral cortex 
or hippocampus, current studies are underway to evaluate 
alternative sources of extracellular adenosine, including ATP, 
or other adenine nucleotides, released from neurons or glia 

and metabolized to adenosine extracellularly.  
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