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Abstract 

 

Adenosine is an important molecule in the central nervous system that modulates 

neurotransmitter release and induces neuroprotective effects during physiological and 

pathological conditions. Rapid adenosine release has been discovered using fast-scan 

cyclic voltammetry, which is a paradigm shift for the understanding of the time course of 

adenosine. However, there are still questions associated with the mechanism of rapid 

adenosine formation and its functions on a rapid time scale. Here, pharmacological tests 

as well as transgenic animals were used to investigate the formation and functions of 

rapid adenosine release. 

 

In Chapter 2, two modes of rapid adenosine release: (1) spontaneous adenosine 

release, with no stimulation and (2) mechanically-stimulated adenosine release in the 

prefrontal cortex, hippocampus, and striatum were characterized. The frequency of 

spontaneous adenosine release and the concentration of mechanically-stimulated 

adenosine release differ among regions. The hippocampus had higher frequency of 

spontaneous release events and higher concentration of stimulated release, whereas the 

prefrontal cortex had less frequent spontaneous release and lower concentrations of 

mechanically-stimulated release. Rapid adenosine release differs in brain regions and 

therefore its neuromodulator effects vary, which is important for the future development 

of novel therapeutic treatments for different diseases. In Chapter 3, the mechanism of 

adenosine formation for the two modes of adenosine was studied in hippocampus. To 

understand whether rapid adenosine release was from extracellular breakdown of ATP, 
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transgenic mice that lack of NTPDase1 (CD39), converting ATP or ADP to AMP or 

ecto-5′-nucleotidase (CD73), converting AMP to adenosine, were used.  CD39 and CD73 

knockout (KO) did not affect the concentration of spontaneous and mechanically-

stimulated adenosine, indicating other pathways are involved in the rapid adenosine 

release. However, the frequency of spontaneous release events decreased in CD73KO 

and CD39KO mice, so these enzymes differentially regulate the frequency of 

spontaneous release. Thus, future pharmacological agents could target these enzymes and 

preferentially target just the spontaneous mechanism.    

 

Chapters 4-5 described the function of spontaneous adenosine release. In 

Chapter 4, I developed a method to simultaneously detect rapid adenosine release and 

oxygen levels in vivo using a modified voltage waveform.  Adenosine and oxygen events 

were correlated, as 34% of adenosine events were followed by an oxygen event. The 

frequency of rapid adenosine and oxygen release was regulated through A2A receptors but 

not A1 receptors.  In Chapter 5, the correlated adenosine and oxygen events during 

ischemia and reperfusion (I/R) injury were further studied. Ischemia was induced with 

bilateral common carotid artery occlusion.  The frequency of adenosine and oxygen 

events increased during I/R, indicating the local blood flow was transiently increased. 

However, blockade of A2A receptors eliminated the increase of correlated adenosine and 

oxygen events. These studies provide an understanding that adenosine transiently 

changes local blood flow even during ischemia, thus, adenosine may exert local 

neuroprotective effects during I/R injury.  
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Overall, this thesis highlights the possibility of rapid adenosine release as a 

therapeutic candidate for treatment of various diseases, including stroke. By 

understanding how and where rapid adenosine releases, strategies to regulate the 

frequency of spontaneous release or increase local concentration of adenosine by 

stimulation would be practical for future treatment of adenosine-related diseases. 
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1.1 Overview of adenosine 

1.1.1 Introduction of adenosine  

Adenosine is an important neuromodulator and neuroprotector in the central 

nervous system (CNS). It is produced primarily from the metabolism of adenosine 

triphosphate (ATP) and distributed throughout the entire body. Adenosine was first 

identified by Drury and Szent-Gyorgyi in 1929 as a physiological regulator of coronary 

vascular tone.
1
 In 1931, Bennet and Drury showed more actions of adenosine signaling, 

including a marked lowering of body temperature.
2
 Since then, adenosine has been 

extensively studied. In the CNS, adenosine is considered as a neuromodulator affecting 

neurotransmitter release
3
 and synaptic plasticity

4
. Adenosine plays a vital role in the 

regulation of many biological functions, including blood flow,
5
 pain,

6
 memory,

7
 and 

sleep
8
. Adenosine signaling has also been implicated as a neuroprotector in multiple 

diseases such as stroke
9,10

, ischemia
11

, epileptic seizures
10

, and oxidative stress events
12

.  

Traditional methods of adenosine measurement are on the slow time scale of 

minutes to hours.  A recent analytical approach, fast-scan cyclic voltammetry (FSCV) 

using carbon fiber microelectrodes, provides sufficient selectivity and sensitivity to detect 

adenosine release with sub-second temporal resolution.
13,14

 This method led to the 

discovery of a rapid mode of adenosine release; however, there are still many gaps in our 

understanding of the formation and function of rapid adenosine release.  

1.1.2 Adenosine formation and metabolism   

 Adenosine is an endogenous purine nucleoside composed of adenine attached to a 

ribose sugar. Adenosine is formed at both intra- and extracellular sites by a variety of 



Wang | 3 

 

 

mechanisms. The intracellular formation of adenosine relies on the catabolism of 

cytosolic ATP or ADP to adenosine monophosphate (AMP) during metabolic stress, 

which is linked to the maintenance of cellular energy balance.
15

 The main source of 

intracellular adenosine formation is cytosolic 5′-nucleotidase, which dephosphorylates 

AMP to adenosine. Under normal oxygenated conditions, ATP catabolism and anabolism 

rates are equal, which maintains the cytosolic concentration of both ATP and ADP.
16

 The 

intracellular concentration of ATP is about 50 times higher than AMP; therefore, a small 

variation of ATP concentration could lead to a significant change of AMP available for 

the subsequent formation of adenosine.
17

 Under tissue stress or trauma, inadequate 

oxygen supply limits the oxidative phosphorylation of ADP to regenerate ATP, which 

leads to an increase in ADP concentration and acetylate kinase activity in the direction of 

AMP formation (Fig. 1.1). Subsequently, increased AMP is hydrolyzed to adenosine and 

adenosine is then released into the extracellular space by an equilibrative adenosine 

transporter (ENTs) due to the increased cytosolic concentration. After intracellular 

reuptake, adenosine can be phosphorylated directly to AMP by adenosine kinase or 

deaminated to inosine by adenosine deaminase as shown in Figure 1.1.
18

  

 



Wang | 4 

 

 

 

Figure 1.1 Metabolic pathways of ATP, ADP, AMP and adenosine. ATP can 

hydrolyze to ADP by ADPase and can be generated back from ADP by creatine kinase. 

Two ADP molecules can generate one ATP and one AMP molecule by adenylate kinase, 

and this process is reversible. Adenosine is produced by the hydrolysis of AMP by 

cytosolic 5'-nucleotidase. Adenosine can either generate AMP by adenosine kinase or 

produce inosine by adenosine deaminase. 

 

Another pathway of intracellular adenosine formation is the hydrolysis of S-

adenosylhomocysteine (SAH) via SAH hydrolase (SAHH), which is the transmethylation 

pathway and also produces L-homocysteine.
19

 The reaction of hydrolysis of SAH is 

reversible, depending on the local concentration of adenosine and homocysteine. In the 

heart, the majority of adenosine is from hydrolysis of SAH under normoxic conditions. 

SAHH is also widely expressed in the brain and has high expression levels in cortex and 

cerebellum.
19

 However, SAH synthesis has low impact on adenosine formation in brain.  

In general, extracellular formation of adenosine is attributed to degradation of 

ATP, ADP and AMP.
18

 ATP or ADP is first catalyzed to AMP by ecto-nucleoside 

triphosphate diphosphohydrolase (NTPDases; e.g., NTPDase 2, CD39) and then AMP is 
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dephosphorylated to adenosine by ecto-5′-nucleotidase (CD73).
20

 Adenosine 

accumulation is also limited by its deamination to inosine by adenosine deaminase.
18

 

Another source of extracellular adenosine is through its release from synaptic vesicles by 

a Ca
2+

-dependent excitation-secretion mechanism.
21

  

 

 
Figure 1.2 ATP release pathways. ATP can be released by cell damage such as 

mechanical perturbation and shear stress, ATP release channels, including pennexin 1, 

nucleotide transporters, or exocytosis. ATP in the pericellullar space can also exchange 

with bulk extracellular ATP by certain dissociation-association mechanism. Figure 

reprinted with permission from Gennady G. Yegutkin. Nucleotide- and nucleoside-

converting ectoenzymes: Important modulators of purinergic signalling cascade. Elsevier. 

2008; 1783 (5): 673-694. Copyright 2008 Elsevier B.V.  

 

Extracellular released ATP can rapidly degrade to adenosine within 200 

milliseconds. Thus, knowing the pathways of ATP is important to reveal the mechanism 

of adenosine formation. Pathways for ATP release into extracellular spaces are diverse. 

Extracellular release of ATP could be mediated by (1) exocytosis,
22

 (2) multiple types of 

channels,
23

 including pannexin 1 and connexin hemichannels; or (3) nucleotide 

transporters (Fig. 1.2). Large amount of ATP release occurs in response to mechanical 

and other stimulations, such as mechanically pertubation,
24

 swelling, 
25

 and shear stress
26

. 

In addition, micromolar concentration of “ATP halo” is found in the pericellular space, 
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which exchanges with bulk extracellular ATP by certain dissociation-association 

mechanism (Fig. 1.2).
27,28

 

Adenosine metabolism is carried out by two enzymes: adenosine deaminase 

(ADA) and adenosine kinase (ADK), which reduce adenosine concentration by 

catalyzing the phosphorylation and deamination of adenosine to form AMP and inosine.
29

 

The estimated cytosolic concentration of adenosine is 0.01 – 0.1 μM at normoxic 

conditions.
19

 The Km of ADA for adenosine is 25-150 μM, however, the Km of ADK for 

adenosine is much lower than that of ADA, about 1 μM. Therefore, ADK is considered to 

be the primary route of adenosine metabolism under physiological conditions. Recently, 

rapid adenosine release has been discovered in real-time, however, the mechanism of 

adenosine formation is not fully known. It is important to understand if rapidly formed 

adenosine is generated from metabolism of ATP or directly released as adenosine per se.  

1.1.3 Adenosine receptors 

Adenosine mediates its biological effects by interacting with four G protein-

coupled receptors, namely the A1, A2A, A2B and A3.
30

 These receptors are coupled to 

different G proteins: A1 and A3 (via Gi) inhibit the neurotransmission by blocking 

adenylyl cyclase to decrease cAMP level, whereas both A2A and A2B (via Gs) stimulate 

adenylyl cyclase and increase generation of cAMP.
31

 The A1 and A2A are highly 

expressed in the brain and have high affinity for adenosine at approximately 70 nM and 

150 nM, respectively.
32

 However, the A2B and A3 are less abundant in the brain and have 

a relatively lower affinity for adenosine at 5100 nM and 6500 nM, respectively.
32

 

Therefore, the impact of adenosine on brain function may mainly depend on the signaling 

of A1 and A2A receptors. 
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1.1.3.1 A1 receptors 

In the CNS, A1 receptors are highly expressed in cerebral cortex, hippocampus 

and cerebellum.
30,33,34

 These receptors are located presynaptically, postsynaptically and 

nonsynaptically
35

 and modulate the release of neurotransmitters, such as glutamate, 

acetylcholine, serotonin and GABA
36

. Adenosine acting through A1 receptor is known to 

exert an inhibitory effect on synaptic transmission.
37

 A1 receptors are mainly enriched in 

excitatory synapses.
38–40

 The inhibition of synaptic transmission is largely due to 

presynaptic A1 receptors
41–43

 and is suggested to rely on the coupling of A1 receptors to 

the inhibition of N-type calcium channels
44,45

, which decrease stimulus-evoked release of 

glutamate in the central synapses.
46,47

 Postsynaptic A1 receptors can simultaneously 

control N-type calcium channels and NMDA receptors to influence the response of 

excitatory stimuli.
48,49

 Nonsynaptic A1 receptors can control potassium current leading to 

neuronal hyperpolarization.
50

 A1 receptors are also located on non-neuronal localizations 

and modulate the functions of astrocytes and glia in brain tissue.
51–53

 

1.1.3.2 A2A receptors 

A2A receptors are highly concentrated in olfactory bulb as well as in dorsal and 

ventral striatum.
54–59

 A2A receptors express at lower levels outside of striatum in 

hippocampus and cortex.
58,60

 These receptors are mostly located in synapses.
61

 Adenosine 

acting at A2A receptors exert an excitatory effect on synaptic transmission.
62

 Presynaptic 

A2A receptors control the release of glutamate and also terminate the effect of A1 

receptor-mediated inhibition of synaptic transmission to increase neuronal activity.
63,64

 

A2A receptors, which are located postsynaptically, can control NMDA receptors.
65–67

 A2A 
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receptors are also located in endothelial cell and vascular smooth muscle cells, where 

they play an important role in vasodilation.
68

 

1.1.4 Relationship among adenosine, blood flow, and oxygen  

Adenosine is a vasodilator, regulating blood flow to deliver oxygen and other 

metabolites to tissue. Adenosine-related vasodilation has been widely studied under a 

variety of conditions. Intravenous injection of adenosine increases regional cerebral 

blood flow,
69

 reflected by increase in levels of oxygen. Adenosine-related vasodilation is 

attributed to the adenosine A2A receptors, where activation of adenosine A2A receptors on 

cerebral vascular smooth muscle and endothelial cells causes cerebral vasodilation and 

thus increases blood flow.
70,71

 Caffeine, a nonselective adenosine antagonist, binds to 

adenosine receptors to result in decreased baseline of cerebral blood flow in humans as 

shown by various measurement techniques.
72–75

 Adenosine A2A receptor agonist, CGS 

21680, enhanced cortical blood flow under hypoxic conditions, while A2A receptor 

antagonist, ZM241385, reduced the increase in cortical blood flow induced by hypoxia.
76

 

1.1.5 The role of adenosine in different brain diseases  

Adenosine is an important neuromodulator and neuroprotector in the brain and 

influences many functions. The levels of adenosine change when there is unbalance 

between energy production and energy requirement. Adenosine levels were markedly 

increased with increased neuronal activity, particularly during hypoxia or ischemia.
77

 The 

potential role of adenosine as an endogenous neuroprotective agent in different diseases, 

such as ischemia, epilepsy, Parkinson’s disease, and Alzheimer’s disease has been 

repeatedly emphasized, where its neuromodulatory role mainly relies on the A1 and A2A 
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receptors. Due to widespread involvement of adenosine in different brain diseases, it is 

important to understand its regulation in order to improve therapeutic strategies to treat 

diseases.  

1.1.5.1 Epilepsy 

A seizure is the clinical manifestation of epilepsy, which occurs due to an 

abnormal, excessive, hypersynchronous discharge of a population of cortical neurons.
78

 

Extracellular adenosine is a critical indicator to determine the susceptibility of the brain 

to seizure activity.
10

 The concentration of extracellular adenosine increases upon seizure 

activity.
79

 Overexpression of ADK in transgenic mice reduces extracellular adenosine 

level and therefore increases susceptibility to seizure.
80

 However, transgenic mice with 

reduced expression of ADK were resistant to status epilepsy. Thus, adenosine may be 

considered as a potential anti-epileptic substance.  

The effect of adenosine on epilepsy is mainly mediated by A1 receptors as 

activation of A1 receptors decreases the hyper-excitability associated epilepsy.
81

 Several 

studies have confirmed the critical role of A1 receptors in controlling epilepsy 

development. For example, activation of A1 receptors by A1 agonist, 2-chloro-N
6
-

cyclopentyladenosine (CCPA), suppressed seizure activity.
82

 Conversely, inhibition of A1 

receptors by A1 antagonist, DPCPX, caused longer seizure durations.  

1.1.5.2 Alzheimer’s diseases  

Alzheimer’s disease is a common neurodegenerative disorder of the central 

nervous system that affects the elderly and is manifested by cognitive and memory 

deterioration. Diagnosis of Alzheimer’s disease is based on clinical symptoms and is 
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confirmed post-mortem by the observation of the presence of neurofibrillary tangles and 

senile plaques, which are characterized by the extracellular accumulation of the amyloid-

beta (Aβ) protein and the pathological accumulation of tau protein in neurons. Several 

studies investigated the role of A1 and A2A receptors in Alzheimer’s disease. 

Pharmacological and genetic blockade of A2A receptors were found to be protective by 

preventing Aβ-induced synaptotoxicity
83

 and improving memory
84

. A1 receptors are 

highly expressed in the CA1 region of hippocampus,
85

 while a reduced level of A1 

receptors has been found in Alzheimer’s disease.
86

 Thus, manipulation of adenosine 

receptors may be beneficial for treatment of Alzheimer’s disease.  

1.1.5.3 Traumatic brain injury 

Traumatic brain injury is immediate mechanical damage of brain tissue, which 

can cause lasting effect of chronic pain
87

, anxiety
88

, epilepsy
89

, and other sleep 

disturbances
90

. Previous studies have shown that adenosine is markedly increased after 

experimental traumatic brain injury and the increase of adenosine concentration is 

correlated with injury serverity.
91

 Modulation by adenosine receptors has shown 

beneficial effects on traumatic brain injury in vivo, where A2A deficient mouse exhibited 

decreased cognitive impairment and neuropathological damage.
92

 Chronic caffeine 

treatment as a non-specific adenosine receptor antagonist also attenuated brain injury by 

suppressing glutamate release and inhibiting inflammation.
93

 However, blocking A1 

receptors with DPCPX after injury exacerbated neuronal death and attenuated motor 

function.
94

 Similar to previous observations of a large increase in extracellular adenosine, 

lowering a carbon fiber microelectrode into brain tissue, which is used to study 

mechanosensitive adenosine release in real time, also evokes a rapid and large adenosine 
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release.
95

 However, the source or formation of adenosine that is available for 

mechanically-stimulated release is unclear. More research is needed to determine the 

function and mechanism of formation of mechanically-evoked adenosine. 

1.1.5.4 Ischemia  

 Adenosine plays an important role as an endogenous neuroprotector in brain 

ischemia. Adenosine concentration dramatically increases in the extracellular space after 

cerebral ischemia.
96,97

 This increase of adenosine concentration can be explained by 

different mechanisms: (1) hydrolysis of extracellular ATP in the first 20 min after 

ischemia onset;
97

 (2) adenosine outflow through equilibrative nucleoside transporter 2 

(ENT2) following the concentration gradient as adenosine builds up due to hydrolysis of 

intracellular ATP;
97

 or (3) inhibition of adenosine uptake by down-regulating 

concentrative nucleoside transporter 2 and 3 as well as ENT 1.
96

 Adenosine acts at 

receptors, primarily A1 and A2A, located on cells and on blood vessels to exert its effects 

and these receptors are important targets in the treatment of ischemia.  

 Activation of A1 receptors inhibits excitatory synaptic transmission during 

hypoxia/ischemia both in vitro
98

 and in vivo
99

, as activation of A1 receptors can reduce 

Ca
2+

 influx and thus lower presynaptic neurotransmitter release.
100

 In in vitro 

hypoxia/ischemia models, selective A1 receptor agonists reduce cellular damage or death 

following hypoxia in cultured cerebellar neurons
101

 and in brain slices
102

. In in vivo 

animal models, systemic administration of A1 agonist, 2-chloro-N(6)-

cyclopentyladenosine (CCPA), reduces oxidative stress and inflammation after a cerebral 

ischemic injury.
103

 These findings support the neuroprotective role of the activation of A1 

receptor.  
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 The activation of A2A receptors shows a potential therapeutic role at different 

times in the treatment of stroke. Administering the selective A2A receptor antagonist, 

ZM241385, prior to ischemia, was neuroprotective in hyperglycemic cerebral ischemia, 

as shown by reduced hippocampal injury and improved Morris water maze performance 

in rats.
104

 Another study showed administration of A2A receptor antagonist, 7-(2-

phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3-e]-1,2,4,triazolo[1,5-c]pyrimidine 

(SCH58261), after hypoxia/ischemia reduced ischemic brain damage in rats.
105

 

Therefore, it is important to consider the time duration of drug exposure to activate 

adenosine A2A receptors in the treatment of stroke. Spontaneous adenosine events 

increased in frequency by about 52% during ischemia-reperfusion injury and A2A 

antagonist, SCH 442416 (3 mg/kg, i.p.) decreased the frequency of spontaneous events 

about 31%.
106

 However, whether rapid adenosine release is able to cause blood flow 

increase during ischemia-reperfusion injury in unknown. More research is needed to 

determine how rapid adenosine release affects blood flow during stroke.  

1.2 Analytical methods to detect adenosine   

Electrochemical detection of neurotransmitters has become more popular as it 

enables researchers to monitor rapid neurotransmitters change, even within complex 

brain tissue. Fast-scan cyclic voltammetry (FSCV) at a carbon-fiber microelectrode has 

been successfully used to detect neurochemicals, such as adenosine,
14

 dopamine,
107

 

hydrogen peroxide
108

 and serotonin
109

 in vivo as these neurotransmitters are electroactive 

and can be oxidized at specific voltages. Traditional methods of adenosine measurement, 

such as radiometric labeling with HPLC analysis and microdialysis, are on the minute 

time scale.
110,111

 FSCV has been used to measure endogenous adenosine release in both 
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ex vivo and in vivo experiments on a sub-second time scale, indicating adenosine can be 

released and cleared within a few seconds.  

1.2.1 Detection of adenosine using traditional methods 

Several experimental tools have been developed to characterize brain function by 

measuring chemical and bioelectrical signals. The most widely used is microdialysis, 

which removes dialysate from the brain for subsequent analysis by HPLC.
112,113

 

However, its utility is limited by low temporal and spatial resolution. The probe size (200 

– 500 µm) of microdialysis is larger than brain cell and blood vessels, which could cause 

cell damage.
114,115

 Microdialysis requires longer sampling periods, ranging from minutes 

to an hour, and is not effective at measuring rapid changes in concentration of adenosine. 

Biological enzyme sensors with a diameter of 25 m provide rapid measurements on the 

order of seconds and allow the measurement of rapid changes in adenosine 

concentration.
98

 Using purine biosensors, adenosine changes have been observed by 

increasing extracellular glucose concentration, where adenosine levels increase 2-fold in 

response to glucose and 3-fold during the wakefulness period in mice.
116

 Adenosine 

increases are also observed with acute hyperammonemia and systemic inflammation, but 

the time frame for this experiment is limited to 70-80 minutes due to loss of sensitivity of 

the biosensor in vivo.
117

 The construction of enzyme biosensors requires three enzymes, 

adenosine deaminase, nucleoside phosphorylase, and xanthine oxidase to break down 

adenosine and produce hydrogen peroxide, which is detected by amperometry. A null 

sensor is also required to distinguish adenosine from inosine. Biosensors are useful when 

quantifying concentration of adenosine. However, their slower temporal response (2 s to 



Wang | 14 

 

 

1 min), which is due to interferences of adenosine metabolites, cannot provide sufficient 

information to understand transient adenosine signals on a sub-second time scale.  

1.2.2 Characterization of adenosine using fast-scan cyclic voltammetry (FSCV)  

Fast-scan cyclic voltammetry (FSCV) with a carbon-fiber microelectrode is an 

electrochemical technique that measures changes in electroactive species in vitro and in 

vivo. With FSCV, the potential is ramped and the resultant current is measured. FSCV 

has many advantages, including excellent sensitivity, moderate selectivity, high spatial 

resolution, and sub-second time resolution.
118

 To measure adenosine with FSCV, a 

triangle waveform scans from –0.4 V to 1.45 V vs. a Ag/AgCl reference electrode and 

back with a scan rate of 400 V/s at 10 Hz (Fig. 1.3A). The charging of the electrode 

surface results in a large, relatively stable background current, which is proportional to 

the capacitance of electrode and scan rate (Fig. 1.3B)
119

. The background current can be 

subtracted out to obtain a smaller faradic current change due to oxidation of adenosine. In 

the resulting cyclic voltammogram, the primary oxidation of adenosine occurs at 1.3 V 

on the cathodic scan and the secondary oxidation occurs around 1.2 V on the anodic scan, 

which is the characteristic electrochemical fingerprint to identify adenosine (Fig. 1.3C). 

Adenosine undergoes three oxidation steps (Fig. 1.4), but only the first and second 2-

electron oxidations of adenosine are usually observed with carbon-fiber microelectrodes, 

and these two oxidation steps are irreversible.
14

 The oxidations of adenosine can also be 

seen in the example 3D color plots of adenosine events in a 30 s window in each brain 

region (Fig. 1.3D). The green /purple circles in the center of the 3D color plot represent 

oxidative current of adenosine. The top circle is the primary oxidation of adenosine and 

the circle directly below is the secondary oxidation of adenosine, which is proportional to 
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concentration. Concentration vs. time traces show the primary oxidation of adenosine, 

which is derived from the color plots below (Fig. 1.3D).  

 
Figure 1.3 Detection of adenosine using FSCV. (A) Fast changes of adenosine were 

monitored using FSCV at a carbon fiber microelectrode by scanning from – 0.4 V to 1.45 

V and back with a scan rate of 400 V/s at 10 Hz. (B) Fast scan rate produces a large and 

relatively stable background current (red line). The black line is the background current 

with oxidation current of adenosine. (C) A cyclic voltammogram for adenosine shows 

that the primary oxidation occurs at 1.3 V and the secondary oxidation occurs at around 

1.2 V. (D) 3D color plot of adenosine in a 30 s window. Time is plotted on the abscissa, 

applied potential is plotted on the ordinate, and the current is displayed in false color.  

The green /purple circles in the center of the 3D color plot represent oxidative current of 

adenosine. The top circle is the primary oxidation. Concentration vs. time trace shows the 

primary oxidation of adenosine, which is derived from the color plots below.  

 

 

 

 

Figure 1.4 Electrochemical reaction of adenosine. Adenosine has three oxidation steps, 

where the first two steps are irreversible and are usually detectable using FSCV at a 

carbon fiber microelectrode. The third oxidation step is reversible and seldom observed 

with FSCV. 
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1.2.2.1 Electrically-stimulated adenosine release  

Transient adenosine release was first characterized in caudate-putamen using FSCV 

after electrical stimulation of dopaminergic neurons in substantia nigra/ventral tegmental 

area of anesthetized rats.
120

 The dopamine signal, which was also measured by FSCV, 

appeared immediately after electrical stimulation and was cleared from the extracellular 

space within 3-4 s, while adenosine signal was slightly delayed and cleared in about 15 s 

(Fig. 1.5). The average concentration of adenosine was 0.94 ± 0.09 μM. Pharmacological 

studies were also performed to confirm the identity of adenosine.  Even though histamine 

has a similar cyclic voltammogram as adenosine, a histamine synthesis precursor, L-

histidine, has no effect on adenosine signal. In addition, the concentration of adenosine 

was increased with a selective non-nucleoside adenosine kinase inhibitor, ABT-702, 

which inhibits the metabolism of adenosine. Administration of an adenosine receptor 

antagonist, theophylline, decreased the concentration of stimulated adenosine and 

oxygen, indicating stimulated adenosine release was correlated with an oxygen signal.  
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Figure 1.5 Electrically-stimulated adenosine and dopamine release in the caudate-

putamen. Concentration vs time traces of (a) dopamine and (b) adenosine. The clearance 

of dopamine is faster than adenosine. Cyclic voltammograms (CV) of (c) dopamine and 

(d) adenosine were taken at 6.0 s and 7.3 s, receptively. The CV at 6 s shows clear 

oxygen oxidation peak at 0.6 V and small peak of adenosine at 1.5 V. However, the CV 

at 7.3 s shows a clear oxidation of adenosine peak. (e) The oxidations of dopamine and 

adenosine can also be seen in the example 3D color plot in a 15 s window. Dopamine was 

released immediately after stimulation but adenosine release appeared slightly delayed 

from the start of stimulation. Figure reprinted with permission from Cechova S, Venton 

BJ. Transient adenosine efflux in the rat caudate-putamen. J Neurochem. 2008; 105(4): 

1253-1263.
120

 Copyright 2008 John Wiley and Sons.  

 

Adenosine A1 receptors can self-regulate adenosine release.
121

 An adenosine A1 

receptor agonist, N
6
-cyclopentyladenosine (CPA), decreased both stimulated adenosine 

and dopamine release, while an A1 antagonist, 8-cyclopentyl-1, 3-dipropylxanthine 

(DPCPX) increased stimulated adenosine release. These effects were partially mediated 
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by dopamine D1 receptors but adenosine release was not a downstream action of 

dopamine release, indicating A1 receptors can self-regulate adenosine release. 

Electrically-stimulated adenosine release has been characterized in the caudate-

putamen, nucleus accumbens, hippocampus and cortex with 5 pulses at 60 Hz.
122

 The 

concentrations of stimulated adenosine vary between brain regions, where the stimulated 

adenosine is highest in the dorsal caudate putamen with average of 0.34 ± 0.08 μM and is 

lowest in the secondary motor cortex with concentration of 0.06 ± 0.02 μM. 

Pharmacological tests revealed that adenosine release was activity-dependent in all brain 

regions and was partially dependent on degradation of ATP in the nucleus accumbens, 

hippocampus and prefrontal cortex, while adenosine release was ionotropic glutamate 

receptor-dependent in the caudate-putamen. Thus, the electrically stimulated adenosine 

release varies in regions. It will be interesting to determine whether spontaneous release 

follows the similar pattern as stimulated release in each brain region. 

The mechanism of electrically stimulated adenosine release was further 

investigated in striatal rat brain slices using low- and high-frequency stimulations.
123

 

Low-frequency stimulation with 5 pulses at 10 Hz evoked a lower degree of adenosine 

release with average measured concentration of 0.22 ± 0.02 μM, while high-frequency 

with 5 pulses at 60 Hz resulted in increased adenosine release with concentration of 0.36 

± 0.04 μM. Application of nucleoside transporter inhibitors, propentofylline (PPF, 50 

μM) or S-(4-nitrobenzyl)-6-thioinosine (NBTI, 10 μM) did not decrease the concentration 

of adenosine, indicating other pathways, such as synaptic vesicle-mediated exocytotic 

release or extracellular breakdown of ATP may contribute to the electrically-stimulated 

release. Application of ARL-67156 (50 μM), which inhibits the degradation of ATP to 
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ADP and AMP, decreased low-frequency stimulated adenosine release. However, 

application of ARL-67156 (50 μM) alone or with AOPCP (100 μM), which inhibits the 

breakdown of AMP to adenosine, did not affect the concentration of adenosine resulting 

from high-frequency stimulation, indicating the high-frequency stimulated adenosine 

release does not depend on the metabolism of ATP. In addition, removing calcium ions or 

blocking ionotropic glutamate receptors attenuated both low- and high-frequency 

stimulated adenosine release, suggesting the stimulated adenosine release is activity-

dependent. In summary, the mechanism of electrically-stimulated adenosine release is 

involved in multiple pathways.  

1.2.2.2 Mechanically-stimulated adenosine release  

Mechanically-stimulated adenosine release has been found by lowering a carbon 

fiber microelectrode or moving a small pipette near the recording electrode in vivo and in 

brain slices in the prefrontal cortex of rats.
95

 The average concentration of mechanically 

stimulated adenosine release was 3.3 ± 0.6 μM in vivo by lowering the electrode 100 μm, 

and 0.8 ± 0.1 μM in brain slices by lowering the electrode 50 μm (Fig. 1.6). Multiple 

electrode stimulations did not change the concentration of adenosine resulting from 

mechanically perturbed adenosine release or significantly cause cell damage. However, 

application of tetrodotoxin (TTX, 0.5 μM) to block sodium channels or calcium chelation 

with EDTA decreased the concentration of adenosine, suggesting the release of adenosine 

is activity dependent. An AMPA receptor antagonist, CNQX (10 μM), did not 

significantly change the concentration of adenosine; therefore, mechanically-stimulated 

adenosine release was not dependent on AMPA receptors. A recombinant NTPDase 1, 2 

and 3 inhibitor, POM-1 (100 μM), decreased the concentration of mechanical-evoked 
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adenosine, and thus, a portion of adenosine is from degradation of ATP. However, the 

mechanism of mechanically-evoked release is not fully understood. Whether 

mechanically-stimulated release varies between brain regions and if AMP is involved in 

the formation of release still needs to be investigated.  In addition, it is important to 

determine whether spontaneous release occurs by the same or different mechanisms 

compared to stimulated release.  

 

 
Figure 1.6 Mechanically-stimulated adenosine in the prefrontal cortex. (A) 

Mechanically-stimulated adenosine release by lowering a carbon fiber microelectrode 50 

μm in brain slices. Cyclic voltammograms for adenosine show that the primary oxidation 

occurs at 1.3 V and the secondary oxidation occurs at around 1.2 V. Concentration vs 

time trace shows the primary oxidation of adenosine appears immediately after 

stimulation with a peak concentration of 2.4 μM. The green /purple circles in the center 

of the 3D color plot represent oxidative current of adenosine. (B) Mechanically-

stimulated adenosine release by lowering a carbon fiber microelectrode 100 μm in vivo 

with a peak concentration of 0.77 μM. Figure reprint with permission from Ross AE, 

Nguyen MD, Privman E, Venton BJ. Mechanical stimulation evokes rapid increases in 

extracellular adenosine concentration in the prefrontal cortex. J Neurochem. 

2014;130(1):50-60. Copyright 2014 John Wiley and Sons.  
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1.2.2.3 Spontaneous, transient adenosine release 

Spontaneous adenosine release was discovered in lamina II of sagittal spinal cord 

slices using FSCV by the Zylka group.  These spontaneous transients lasted only 1-2 

seconds in the extracellular space and resulated from the breakdown of AMP.
124

 

Spontaneous adenosine release events were characterized by the Venton group in the 

caudate-putamen (Fig. 1.7) and prefrontal cortex in vivo.
13

 The average concentrations of 

adenosine in the caudate-putamen and prefrontal cortex were similar with 0.17 ± 0.01 μM 

and 0.19 ± 0.01 μM, respectively. However, the frequency of spontaneous adenosine 

release events in the prefrontal cortex was higher than in the caudate-putamen. The 

frequency of adenosine release events was modulated by adenosine A1 receptors, where 

the A1 antagonist, DPCPX (6 mg/kg i.p.) increased the frequency of adenosine events in 

both brain regions. However, activation of adenosine A1 receptor with the A1 agonist, 

CPA (1 mg/kg, i.p.), only decreased the release of adenosine events in the caudate 

putamen and had no effect in the prefrontal cortex. The average duration of 

spontaneously released adenosine is about 3 s in both brain regions and thus, this 

adenosine release can provide transient, local neuromodulation.  
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Figure 1.7 Spontaneous adenosine release in the caudate-putamen in vivo. 3-D color 

plot shows one spontaneous adenosine release event in a 30 second window. The 

concentration vs time trace shows the primary oxidation of adenosine with peak 

concentration about 0.6 μM, which was derived from the 3D color plot below. Figure 

reprint with permission from Nguyen MD, Lee ST, Ross AE, Ryals M, Choudhry VI, 

Venton BJ. Characterization of spontaneous, transient adenosine release in the caudate-

putamen and prefrontal cortex. PLoS One. 2014;9(1):e87165.  

  

The regulation of spontaneous adenosine release is also affected by glutamate and 

GABA receptors.
125

 The glutamate NMDA antagonist, 3-(R-2-Carboxypiperazin-4-yl)-

propyl-1-phosphonic acid (CPP, 6 mg/kg i.p.), increased the frequency of adenosine 

release events and resulting concentration of adenosine. However, the glutamate agonist, 

NMDA (50 mg/kg, i.p.), had no effect on frequency of adenosine release. The GABAB 

antagonist, CGP 52432 (30 mg/kg, i.p.), decreased the frequency of adenosine release 

events but the agonist, baclofen (5 mg/kg, i.p.), increased the frequency of release. 

Moreover, a selective antagonist of the AMPA receptor, NBQX (15 mg/kg, i.p.), a 
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specific metabotropic glutamate (mGlu2/3) antagonist, LY 341495 (5 mg/kg, i.p.), and a 

GABAA antagonist, bicuculline (5 mg/kg, i.p.), did not change the frequency of adenosine 

release events. Thus, spontaneous adenosine release events are modulated by NMDA and 

GABAB receptors. 

A study of clearance of spontaneously released adenosine reveals an effect of both 

metabolism and uptake.
126

 A specific ENTI inhibitor, NBTI (1 mg/kg or 40 mg/kg, i.p.), 

increased the duration of spontaneous adenosine release but had no effect on 

concentration and frequency. An adenosine kinase inhibitor, ABT-702 (5 mg/kg, i.p), or 

an adenosine deaminase inhibitor, EHNA (10 mg/kg, i.p), was used to inhibit metabolism 

of adenosine. The durations of spontaneous adenosine release were increased; therefore, 

the clearance rate of adenosine was decreased. Exogenously applied adenosine in brain 

slice, by pressure injecting adenosine before and after the brain slices were bathed in 

NBTI (10 μmol/L), ABT-702 (100 nmol/L), or EHNA (20 μmol/L), also decreased the 

duration of adenosine. Therefore, the clearance of extracellular spontaneously released 

adenosine is regulated by multiple mechanisms.  

Spontaneous adenosine release events increase during cerebral ischemia and 

reperfusion injury in caudate-putamen of anesthetized rats.
106

 During 30 minutes of 

ischemia, induced by bilateral common carotid artery occlusion (BCCAO), and 90 

minutes of reperfusion, the frequency of spontaneous adenosine events increased. The 

number of adenosine events increased 52% during these periods compared to 2 hrs of 

normoxia. BCCAO does not cause cell death but cells exhibited shrinkage in the cell 

nucleus and swollen mitochondrial structure. Adenosine A2A receptor antagonist, SCH 

442416, decreased adenosine events by 27% during ischemia and reperfusion. Thus, 
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rapid adenosine release could provide local, rapid neuromodulation and neuroprotection 

during ischemia. Endogenous adenosine as a vasodilator increases cerebral blood flow 

during hypoxia.
127

 A previous study shows a correlation of electrically stimulated 

adenosine and oxygen. Therefore, it is expected that spontaneous adenosine release may 

also affect oxygen changes in the brain. However, the extent to which spontaneously 

released adenosine has an effect on oxygen changes during ischemia reperfusion injury is 

unknown.  

1.3 Concluding remarks 

Previous studies on various diseases revealed long-term effects of adenosine, which 

could be mediated by targeting specific adenosine receptors. However, the time course of 

the real time signaling is difficult to obtain as measurement of adenosine previously 

occured on a slow time scale.  Fast-scan cyclic voltammetry at a carbon fiber 

microelectrode has been successfully used to detect adenosine release in vivo and ex vivo 

in real time and provides a new understanding of the time course of extracellular 

adenosine signaling in the brain. However, more research is needed to understand the 

functions as well as the mechanisms of formation for adenosine release.  

1.3.1 Mechanism of rapid adenosine formation  

Previous studies have characterized spontaneous and mechanically-stimulated 

adenosine release in vivo and in brain slices in rats. Pharmacological studies also reveal 

how receptors regulate these events. However, the source and mechanism of formation of 

adenosine that is available for rapid release remains an open question. To better address 

the formation and mechanism of these modes of adenosine release, genetic mouse models 
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are needed. Therefore, I first characterized two modes of adenosine release in the mouse 

striatum, prefrontal cortex, and hippocampus in Chapter 2. This chapter provided 

fundamental information on the duration, frequency, and concentration of spontaneously 

released adenosine and the concentration of adenosine resulting from mechanically-

stimulated release in various mouse brain regions. In Chapter 3, I examined whether 

these two modes of adenosine release depend on metabolism of extracellular ATP using 

CD39 knockout mice, which lacks nucleoside triphosphate diphospholydrolase 1 

(NTDPase 1) to convert ATP or ADP to AMP, and CD73 knockout mice, which lacks 

ecto-5′-nucleotidase to convert AMP to adenosine. These two chapters provide 

information on regional variation and mechanism of rapid adenosine release and how 

adenosine could be modulated more effectively in the brain. 

1.3.2 Function of rapid adenosine release 

Adenosine regulates blood flow by activating A2A receptors that are located on the 

blood vessels.
70

 However, whether the rapid change of spontaneously released adenosine 

could regulate cerebral blood flow is unknown. Previous studies showed that oxygen 

could be reduced at a carbon fiber microelectrode around -1.2 V.
128

 A modified FSCV 

waveform was used to detect pH and oxygen changes after stimulated dopamine release, 

where the electrode was scanned to -1.4 V to reduce oxygen.
21

 I have further modified 

this waveform to be able to simultaneously detect both adenosine and oxygen release 

events in rat brain. In Chapter 4, I measured both spontaneous adenosine and oxygen 

release events using this modified voltage waveform in the caudate-putamen. The 

changes in cerebral blood flow are parallel with changes in oxygen. I found that 

spontaneous adenosine and oxygen release events are correlated. 34% of adenosine 
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events exhibited a correlated oxygen event. Higher concentrations of adenosine events 

were always correlated with oxygen events. Both adenosine and oxygen release events 

were modulated by adenosine A2A receptors but not A1 receptors. In Chapter 5, the 

relationship between adenosine and blood flow changes was further studied under 

ischemia/reperfusion (I/R) injury. Transient adenosine and oxygen events increased 

during ischemia induced by BCCAO and reperfusion periods. Blocking A2A receptors 

with SCH 442416 (3 mg/kg, i.p.) eliminated the increase in adenosine and oxygen events 

that were caused by I/R injury, while blocking adenosine receptors with caffeine (100 

mg/kg, i.p.) decreased adenosine and oxygen events. These two chapters characterized 

the relationship of spontaneous adenosine and oxygen changes. Spontaneously released 

adenosine could transiently increase local blood flow, even under ischemia and 

reperfusion injury. In Chapter 6, I briefly summarize my work and propose possible 

future research, including spontaneous adenosine release in freely moving animals, 

interaction between rapid adenosine and dopamine release, and combination of FSCV 

with optogenetics. 

In conclusion, this thesis marks the continued steps of a journey studying rapid 

adenosine release in the brain. By understanding how and where rapid adenosine is 

released, new therapy on modulation of adenosine release will be promising for future 

treatment of various diseases, including stroke or traumatic brain injury. 
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Abstract 

 

Rapid adenosine release has been discovered in the brain that can modulate 

neurotransmission or blood flow. Adenosine is released spontaneously or after a 

mechanical stimulation, but these modes of adenosine release have not been compared. 

Here, we measured spontaneous and mechanically-stimulated adenosine release in 

anesthetized mouse prefrontal cortex, striatum, and hippocampus. For spontaneous 

adenosine release, the number of adenosine events in the prefrontal cortex (40 ± 4 per 

hour) was significantly lower than in the striatum (54 ± 3) or hippocampus (56 ± 3). 

However, the concentration (about 0.3 μM) and t1/2 (about 2 s) of each event was similar 

between regions. Thus, spontaneous adenosine release differs regionally in frequency but 

not the resulting concentration. For mechanically-stimulated adenosine, the peak 

concentrations in the prefrontal cortex (8 ± 2 μM) and striatum (8 ± 1 μM) were 

significantly lower than in the hippocampus (16 ± 3 μM) but there was no difference in 

t1/2 (8 s).  Comparing the two modes of release, the hippocampus had high mechanically-

stimulated concentrations and high spontaneous frequency, while the prefrontal cortex 

had lower spontaneously released adenosine frequency and mechanically-stimulated 

release.  Because concentration differs for mechanically-stimulated release but not for 

spontaneous adenosine release, there may also be different pools or mechanisms of 

formation of adenosine for these different modes.  Adenosine signaling, and thus the 

neuromodulatory effects, varies by region, which may be important for designing 

adenosine-based treatments for neurological disorders. 
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2.1 Introduction 

Adenosine is an endogenous nucleoside that functions as a neuromodulator and 

neuroprotector in the central nervous system, particularly during stroke
1
 and traumatic 

brain injury.
2
 While adenosine may build up slowly during pathological events, our lab 

has discovered rapid adenosine release, lasting only a few seconds
3
, that modulates 

phasic dopamine release and causes transient oxygen increases
4,5

. One mode of rapid 

adenosine release is spontaneous release, with no stimulation applied, and the frequency 

of this mode increases during ischemia-reperfusion injury
6
, where spontaneously released 

adenosine acts as a local neuromodulator. Another mode of rapid adenosine release is 

mechanical stimulation, where small trauma, such as moving an electrode or probe near 

the electrode, causes transient adenosine release.
7
 The hypothesis is that these modes of 

release may vary by region,
7,8

 and that would cause regional variation in 

neuromodulation.  Spontaneous and mechanically-stimulated adenosine release have 

been separately studied in the rat, but they have not been compared.  Here, we use mice, 

because of the future possibilities of studying transgenics, to characterize spontaneous 

adenosine release events in the prefrontal cortex, striatum, and hippocampus using fast-

scan cyclic voltammetry. Spontaneous adenosine release varied regionally in frequency, 

but not concentration, while mechanically-stimulated adenosine varied regionally in 

resulting concentration of adenosine. Thus, the two modes of adenosine release may 

produce different neuromodulatory effects in different regions.   
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2.2 Materials and methods 

2.2.1 Animals and surgery 

Male C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME) 

at 6-8 weeks old and housed on a 12:12-h light/dark cycle with food and water provided 

ad libitum. Mice were anesthetized with 4% isoflurane in 100% oxygen for induction and 

then transferred to a stereotaxic frame (Stoelting, Wood Dale, IL, USA). Anesthesia was 

maintained with 1.5-3% isoflurane in 100% oxygen delivered via a facemask (Stoelting, 

Wood Dale, IL, USA), tail pinch to ensure that anesthesia is complete and substained. 

Isoflurane levels were adjusted to until loss of righting reflex was observed. A heating 

pad was used to maintain mouse body temperature around 37 °C.  The surgical site was 

shaved and bupivacaine (0.10 mL) (Sensorcaine
®
 MPF; APP Pharmaceuticals, LLC, 

Schaumburg, IL, USA) was administered under the skin for local anesthesia. The skull 

was exposed and holes were drilled to allow the placement of the electrode in the 

prefrontal cortex (AP +1.3 mm, ML + 0.2 mm, and DV -1.5 mm), striatum (AP +1.1 mm, 

ML + 1.5 mm, and DV -3.0 mm), and hippocampus (AP -2.5 mm, ML + 2.4 mm, and 

DV -1.8 mm) based on the altas of Paxinos and Franklin.
9
 All experiments were approved 

by the Institutional Animal Care and Use Committee of the University of Virginia. 

2.2.2 Chemicals  

Phosphate-buffered saline (PBS) solution (all components purchased from Fisher 

Scientific (Fair Lawn, NJ, USA)) was used for electrode calibration and consisted of 3.0 

mM KCl, 10.0 mM NaH2PO4, 2.0 mM MgCl2, 131.25 mM NaCl and 1.2 CaCl2, with pH 

adjusted to 7.4. Adenosine was purchased from Sigma Aldrich (Milwaukee, WI, USA).  
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A 10.0 mM stock solution of adenosine was prepared in 0.1 mM HClO4 and this was 

diluted daily in PBS solution to 1μM for calibration of the electrodes. All aqueous 

solutions were prepared using deionized water (Milli-Q Biocel; Millipore, Billerica, MA, 

USA). 

2.2.3 Electrochemistry  

Fabrication of carbon fiber microelectrode with T-650 carbon fiber was 

previously described.
5
 Cylinder electrodes, which were 150-200 μm long and 7 μm in 

diameter were used. Fast-scan cyclic voltammetry was used to detect adenosine as 

previously described.
5
 For detection of adenosine, the electrode was scanned from -0.4 V 

to 1. 45 V and back to – 0.4 V with a frequency of 10 Hz at 400 V/s. 

2.2.4 Data Analysis and Statistics  

Transient adenosine events were firstly identified and analyzed using a new 

automated algorithm,
10

 and adenosine events were then confirmed by an analyst to 

exclude any signals that were not adenosine. The primary oxidation peaks of adenosine in 

Figure 1a-1c were filtered using a Fourier transform 1 Hz filter to reduce noise. All 

statistics were performed in GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, 

USA). All data are shown as mean ± SEM.  A one-way ANOVA with post hoc Tukey’s 

test was performed on the number of events, concentration and t1/2 of transient adenosine 

to assess differences among brain regions.  The distribution of inter-event time of 

adenosine events was analyzed using Kruskal-Wallis test with post-hoc Dunn’s test.  

Some data points for adenosine inter-event time are not shown in order to better show the 
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lower inter-event time where changes are more obvious. However, all data for inter-event 

time were used for statistical analyses. Statistical significance was designated at p < 0.05.  

2.3 Results and Discussion  

The goal of this study was to characterize regional differences in spontaneous and 

mechanically-stimulated adenosine release in vivo in anesthetized mice.  The brain 

regions chosen were the Cg1 of prefrontal cortex (PFC), striatum (STR), and CA1 of 

hippocampus (HPC) because these are common brain regions for both traumatic brain 

injury and memory studies. The prefrontal cortex participates in working memory,
11

 the 

striatum is associated with procedural memory,
12

 and the hippocampus plays an 

important role in memory formation.
13

 Rapid changes of adenosine were monitored in 

anesthetized mice using fast-scan cyclic voltammetry at an implanted carbon-fiber 

microelectrode.  Adenosine is identified by its two characteristic oxidation peaks in the 

cyclic voltammogram (top, Fig. 2.1a-c) and false color plots (bottom, Fig. 2.1a-c).
3
    

Spontaneous neurotransmitter release is a common mode of synaptic release 
14

 

and spontaneous adenosine release events have been reported in vivo and in brain slices 

in rat
3,5,15

. For spontaneous adenosine release (Fig. 2.1), adenosine transients were 

measured continuously in anesthetized mice for 4 hours.  Multiple, short adenosine 

release events are depicted in the color plot, and marked on the concentration vs. time 

traces, which show how adenosine varies over time. In the prefrontal cortex, there are 

only 2 adenosine transient events in this example 80 s window (Fig. 2.1a) while in the 

striatum and hippocampus, there are 3 events in an 80 s window (Fig.2.1b and 2.1c).  The 

number of adenosine events varied by region; on average, there were 40 ± 4 adenosine 

release events per hour in the prefrontal cortex, 54 ± 3 events in the striatum and 56 ± 3 
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events in the hippocampus, an overall significant effect of brain region (Fig. 2.1d, one-

way ANOVA, n = 8 animals/region, p = 0.0033).  The number of adenosine events in the 

prefrontal cortex was significantly lower than in the striatum or hippocampus (Tukey’s 

post-test, p = 0.011 and p = 0.0056, respectively). To examine the frequency, the time 

was calculated between two consecutive adenosine events, called the inter-event time. 

The mean inter-event time was 87 ± 3 s in the prefrontal cortex, 66 ± 2 s in the striatum 

and 64 ± 2 s in the hippocampus. There was a significant effect of brain region on the 

underlying distributions of inter-event times (Fig. 2.1e, Kruskal-Wallis test, p < 0.0001) 

and the prefrontal cortex frequency was significantly lower than the striatum or 

hippocampus (post-hoc Dunn’s test, p < 0.0001 and p < 0.0001, respectively). The 

frequency of adenosine transients  observed in these mouse experiments is higher than 

the corresponding rat brain regions.
3,15

 

The mean concentration of spontaneously released adenosine per event was 0.24 

± 0.04 μM in the prefrontal cortex, 0.31 ± 0.03 μM in the striatum, and 0.27 ± 0.03 μM in 

the hippocampus. Thus, there was no significant effect of brain region on concentration 

(Fig. 2.1f, one-way ANOVA, n=8 animals/group, p = 0.35). The concentration of 

spontaneously released adenosine ranged from 0.023 to 2.80 μM, sufficient to activate 

inhibitory A1 receptors and excitatory A2A receptors, which have high affinities in the low 

nanomolar range.
16

 These are the first in vivo measurements of adenosine in mice using 

FSCV and concentrations were larger than similar regions in rats,
3,15

 even though the 

basal concentrations of adenosine in mice are reportedly lower. 
8,17

 

To measure duration, t1/2, the peak width at half peak height was used. The mean 

t1/2 was 1.8 ± 0.1 s in the prefrontal cortex, 1.9 ± 0.1 s in the striatum, 1.7 ± 0.1 s in the 
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hippocampus, and these values were not significantly different from each other (Fig. 2.1g 

one-way ANOVA, p = 0.14). The short t1/2 indicates spontaneously released adenosine is 

only available in the extracellular space for a few seconds and thus functions locally. 

Overall, the concentration and t1/2 of spontaneous adenosine release do not vary by region 

but the frequency does, demonstrating that the concentration of spontaneously released 

adenosine is regulated in different regions through the number of release events and not 

the size or duration of each event.   

 
Figure 2.1 Spontaneous, transient adenosine release in various brain regions.  
Example of adenosine release in the (a) prefrontal cortex (PFC), (b) striatum (STR), and 

(c) hippocampus (HPC).  Cyclic voltammograms of adenosine have the two characteristic 

oxidation peaks at 1.3 V on the cathodic scan and 1.2 V on the anodic scan. 

Concentration vs. time traces derived from primary oxidation of adenosine; adenosine 

transients marked with stars. Example 3-D color plot shows release events in an 80 s time 

window. Adenosine oxidation is the green/purple area in the middle of the plot. (d) 

Number of adenosine events per hour (main effect, one-way ANOVA, n = 8 animals, p = 

0.0033). The number of adenosine events was significantly lower in the prefrontal cortex 

than the striatum and hippocampus (Tukey’s test, p = 0.011 and p = 0.0056, respectively). 

(e) Inter-event time histogram. The underlying distributions of adenosine inter-event 

times were significantly different (Kruskal-Wallis test, p < 0.0001). (F) Mean event 

concentrations were not significantly different (one-way ANOVA, n = 8 animals/group, p 

= 0.35). (g) Mean t1/2 was not different among the brain regions (one-way ANOVA, n = 8 

animals/group, p = 0.14).   
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The second mode of adenosine release studied was mechanically-stimulated 

adenosine release. Other studies have demonstrated ATP release, which could be a 

precursor to adenosine release, due to mechanical perturbation,
18

 swelling,
18

 shear stress
19

 

or cell stretching
20

 in both neurons
18

 and astrocytes
21

. Traumatic brain injury, where there 

is mechanical damage of brain tissue, triggers an acute surge in adenosine to induce 

neuroprotective activity.
22,23

 Similarly, lowering a carbon-fiber microelectrode into brain 

tissue also evokes rapid adenosine release, and this method of release was used here to 

study regional variation in mechanosensitive adenosine release.
7
 A rapid rise in adenosine 

concentration after mechanical stimulation was observed in the prefrontal cortex, 

striatum, and hippocampus of mice (Fig. 2.2). A carbon-fiber microelectrode was 

lowered 0.1 mm to mechanically perturb the tissue, and mechanical stimulations were 

repeated every 15 min for 1 hour, which means new tissue was stimulated each time 

(although we have shown previously the same tissue can be mechanically-stimulated 

multiple times).
7
 Fig. 2a shows an example of mechanically-stimulated adenosine release 

in the hippocampus, where adenosine increases immediately after lowering the electrode 

(at 30 s) with a peak concentration of 21 μM, and a t1/2 of 4.8 s. The extra peaks in the 

color plot might be background subtraction errors due to ionic changes on the double 

layer charging current.   

Fig. 2.2b-i compare the average concentration and t1/2 of mechanically-evoked 

adenosine for each successive stimulation and for all stimulations.  Overall, there was no 

significant effect of stimulation number on the concentration (Fig. 2.2b-d, one-way 

ANOVA, PFC: n = 8 animals, p = 0.20; STR: n = 9 animals, p = 0.61; HPC: n = 7 

animals, p = 0.68) or t1/2 (Fig. 2.2f-h, one-way ANOVA, PFC: p = 0.65; STR: p = 0.87; 
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HPC: p = 0.39). The concentration of mechanically-evoked adenosine varied from 0.65 to 

46 µM but was on average 8 ± 2 μM in the prefrontal cortex, 8 ± 1 μM in the striatum 

and 16 ± 3 μM in the hippocampus, thus showing a significant effect of region (Fig. 2.2e, 

one-way ANOVA, p = 0.0005). The concentration in the hippocampus was significantly 

higher than in the striatum and prefrontal cortex (post-hoc Tukey’s test, p = 0.012 and p = 

0.0004, respectively). Mechanically-stimulated adenosine release was previously 

compared in the rat PFC in vivo (3.3 ± 0.6 μM) and ex vivo (0.8 ± 0.1 μM brain slices)
7
 

and the concentrations were smaller than those observed here in the mouse PFC, 8 ± 2 

μM. However, the electrode was also slightly larger (150 -200 μm in mice compared to 

50 -100 μm in rats), so the amount of perturbation and adenosine detected may be larger.  

 
Figure 2.2 Mechanically-stimulated adenosine. (a) Example of mechanically-evoked 

adenosine in the hippocampus. Electrode was lowered 0.1 mm at 30 s (arrow).  

Concentration vs. time trace shows adenosine peak concentration was 21 μM and t1/2 was 

4.8 s. Four consecutive stimulations were performed every 15 min for a total of 4 

stimulation in the (b) prefrontal cortex (PFC), (c) striatum (STR) and (d) hippocampus 

(HPC) in vivo. There was no effect of stimulation number in any region (one-way 

ANOVA, PFC: n = 8 animals, p = 0.20; STR: n = 9 animals, p = 0.61; HPC: n = 7 

animals, p = 0.68). (e) Average concentrations significantly vary by region (one-way 

ANOVA, p = 0.0005) and concentration in the hippocampus was significantly higher 

than in the prefrontal cortex and striatum (post hoc Tukey’s test, p = 0.012 and p = 

0.0004, respectively). Average t1/2 of adenosine did not differ by stimulation number in 

the (f) prefrontal cortex (p = 0.65), (g) striatum (p = 0.87) and (h) hippocampus (p = 

0.39). (i) Average t1/2 did not vary among brain regions (one-way ANOVA, p = 0.14). 
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The average t1/2 of mechanically-evoked adenosine for all stimulations was 7 ± 1 s in the 

prefrontal cortex, 8 ± 1 s in the striatum and 10 ± 2 s in the hippocampus, but there was 

no significant effect of brain region on t1/2 (Fig. 2.2i, one-way ANOVA, p = 0.14). 

Mechanically-stimulated adenosine release varied by brain region in resulting 

concentration, but not duration. In the prefrontal cortex, A1 and A2A receptors modulate 

cortical acetylcholine,
24

 but in the striatum and hippocampus, they also regulate other 

neurotransmitters, including glutamate and GABA.
25

 The higher adenosine release in the 

hippocampus indicates larger pools of adenosine for mechanosensitive release and greater 

ability to provide rapid neuromodulation.  The hippocampus is a critical area for memory 

formation and retrieval, so it may be necessary for it to have high neuromodulation.  

These data allow a direct comparison of spontaneous and mechanically-stimulated 

adenosine release. The concentration of mechanically-stimulated adenosine is on average 

10-fold higher than that resulting from spontaneous adenosine release events, likely 

because many cells are activated and release adenosine all at once.  Mechanically-

stimulated adenosine is sufficient to activate adenosine A2B and A3 receptors,
26

 which 

have neuroprotective effects.  Thus, mechanically-stimulated release may be able to 

provide more rapid neuroprotection by activating additional adenosine receptors.  In 

addition, the clearance of mechanically-stimulated adenosine takes longer, so the 

neuroprotective adenosine is available longer for signaling in the extracellular space.
7
 

Spontaneously released adenosine on the other hand is regulated by frequency and not by 

concentration.  It would provide lower levels of neuroprotection and neuromodulation, 

but on a more frequent basis.    
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The hippocampus had both the highest amount of mechanically-stimulated release 

and the greatest frequency of spontaneous adenosine release. Thus, it has the greatest 

releasable pool of adenosine, but we do not know if the mechanism of release is the same 

for both modes of adenosine release.  Mechanism of release varies by type of stimulation 

and brain region.  For example, electrically-stimulated adenosine release is partially 

activity-dependent
27

 while mechanically-stimulated adenosine release is calcium 

dependent, activity dependent, and formed from rapid degradation of extracellular ATP
7
. 

Spontaneous adenosine release may be due to spontaneous exocytosis, independent of 

action potentials,
28

 or pannexin or connexin channels. Thus, future research is needed to 

determine if these two modes are released by similar or different mechanisms and to 

examine how this rapid release contributes to neuroprotection and neuromodulation.   
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Abstract  

 

 Rapid adenosine release has been discovered in the brain in vivo and is important 

for local neuroprotection during ischemia and reperfusion injury. Rapid adenosine release 

can be observed spontaneously without a stimulation or can be evoked by mechanical 

perturbation, but the mechanism of formation is not fully known for these two modes of 

adenosine release. One mechanism of adenosine formation is through extracellular 

metabolism of ATP, which is first degraded by nucleoside triphosphate 

diphospholydrolase 1 (NTPDase1, CD39) that converts ATP or ADP to AMP and then by 

ecto-5′-nucleotidase (CD73) that converts AMP to adenosine. In this study, we used mice 

globally deficient in CD73 and CD39 to study the mechanisms of adenosine formation 

that contribute to spontaneous and mechanically-stimulated release using fast-scan cyclic 

voltammetry. CD73 knockout (KO) and CD39KO mice had fewer spontaneous adenosine 

release events but the concentration and duration of the events were the same.  In 

addition, the concentration or duration of mechanically-stimulated adenosine was not 

different in CD39KO and CD73KO micecompared to the WT mice. Thus, CD73 and 

CD39 are not directly involved in the mechanisms of rapid adenosine formation but do 

regulate the frequency of spontaneous adenosine release. These findings show that that 

therapies targeting CD73 or CD39 would preferentially affect the frequency of 

spontaneous rather than mechanically-sensitive release, which could facilitate the future 

development of adenosine-based pharmacotherapies for specific adenosine modes.  
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3.1 Introduction  

Adenosine is an endogenous nucleoside that plays an important role in 

physiological and pathological processes including sleep,
1
 stroke,

2
 vasodilation,

3
 and 

inflammation
4
. Adenosine is formed at both intracellular and extracellular sites. The main 

source of intracellular formation of adenosine is intracellular breakdown via cytosolic 5′-

nucleotidase, which dephosphorylates AMP.
5
  Adenosine can be released via 

equilibrative adenosine transporters (ENTs) or by vesicular release, as adenosine is also 

presented in synaptic vesicles and released under physiological conditions by a Ca
2+

-

dependent secretion mechanism.
6
 In most cases, extracellular formation of adenosine is 

through hydrolysis of released ATP, where nucleoside triphosphate diphosphohydrolases 

(NTPDases; e.g., CD39, NTPDase-1) degrade ATP or ADP to AMP and ecto-5′-

nucleotidase (CD73) degrades AMP to adenosine.
7
 ATP, which can also be released with 

other neurotransmitters by vesicular exocytosis and is a co-transmitter that rapidly and 

sequentially degrades to ADP, AMP and adenosine in the extracellular space.
8
  

Previous studies using mice lacking either CD73 (CD73KO) or CD39 (CD39KO) 

have revealed the importance of extracellular adenosine formation for many 

physiological and pathological phenotypes.  For example, deletion of CD73 leads to 

exaggerated inflammatory responses.
9
 Extracellular adenosine produced by CD73 

restrains tumor growth by suppressing NF-κB activity via A2B signaling.
10

 In addition, 

alteration of CD39 expression is correlated with reduced adenosine concentration,
11,12

 

while during stroke, CD39KO mice exhibit enlarged cerebral infarct volumes and 

decreased post-ischemic perfusion.
13

 Administration of recombinant soluble human 

CD39 to CD39KO mice reduces cerebral infarct volume.
13

 All of those functions are 
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relatively slow effects of adenosine, but adenosine also has rapid effects and therefore it 

is important to understand how CD73 and CD39 regulate physiological effects of rapid 

adenosine release.  

Recently, rapid changes in adenosine have been discovered in brain in vivo and ex 

vivo using fast-scan cyclic voltammetry (FSCV).
14–17

 One mode of rapid adenosine 

release is spontaneous release (without stimulation), which lasts only about 2-3 seconds 

and occurs randomly every 2-3 min.
16

 Another mode of adenosine release is mechanical 

stimulation,
17

 which occurs due to a mechanical perturbation of the tissue and lasts about 

10 s (Chapter 2). Both modes of transient adenosine would be able to perform rapid 

neuromodulation without long-term depression of neuronal activity. Spontaneous 

adenosine release was also found in lamina II of sagittal spinal cord slices, where 

prostatic acid phosphatase (PAP) and CD73 KO decreased the concentration of adenosine 

release, implying it is due to breakdown of extracellular ATP.
14

 Mechanically-stimulated 

adenosine release in the brain is activity-dependent and partially due to extracellular ATP 

metabolism, as it was decreased by an ATP inhibitor, POM-1, which targets NTPDase 1, 

2 and 3.
17

 However, it is currently unknown the extent to which rapid adenosine release is 

dependent on adenosine formed through sequential metabolism of extracellular ATP by 

CD39 and CD73.  

Here, we investigated the contributions of CD73 and CD39 to the formation of 

pools of adenosine underlying spontaneous and mechanically-stimulated release using 

CD73KO and CD39KO mice. The number and frequency of spontaneous adenosine 

release events but not the event concentration or duration were decreased in CD73KO 

and CD39KO mice. In addition, deletion of CD73 or CD39 did not affect the 
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concentration or duration of mechanically-stimulated adenosine, suggesting this rapid 

adenosine release is independent of CD73 and CD39 activity. Thus, because the 

concentration does not change, these two modes do not seem to be dependent on 

adenosine formed by CD73 and CD39 metabolism of ATP, but there are other, redundant 

enzymes that could break down ATP; or release may be as adenosine per se.  However, 

the dramatically different frequency of spontaneously released adenosine shows that 

spontaneous adenosine release is regulated by CD39 and CD73; thus, it may be possible 

to develop pharmacological treatments that differentially target modes of rapid adenosine 

release.   

3.2 Materials and methods 

3.2.1 Animals and surgery 

Wild type C57BL/6J and CD73 deficient (CD73KO) males and females mice 

were purchased from Jackson Laboratory (Bar Harbor, ME). CD39 deficient (CD39KO) 

mice onto a C57BL/6 background were kindly provided by Dr. Bruce N. Cronstein and 

obtained from Taconic Biosciences (Rensselaer, NY).
34

 All mice were used between 6-8 

weeks of age. Animals were housed with food and water provided ad libitum on a 

standard 12:12-h light/dark cycle. Mice were anesthetized with 5% isoflurane in 100% 

oxygen in an anesthetic chamber and then transferred to a stereotaxic frame (Stoelting, 

Wood Dale, IL, USA). Anesthesia was maintained with 1.5-3% isoflurane in 100% 

oxygen delivered via a facemask (Stoelting, Wood Dale, IL, USA) and tail pinch to 

ensure that anesthesia is complete and substained. Isoflurane levels were adjusted until 

loss of righting reflex was observed. A homeothermic blanket system (Stoelting, Wood 

Dale, IL, USA) was used to maintain body temperature around 37 °C.  Bupivacaine (0.20 
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mL) (Sensorcaine
®
 MPF; APP Pharmaceuticals, LLC, Schaumburg, IL, USA) was 

administered under the skin for local anesthesia and the surgical site was shaved. Holes 

were drilled to allow the placement of the electrode in the hippocampus (AP -2.5 mm, 

ML + 2.4 mm, and DV -1.8 mm) based on the atlas of Paxinos and Frankline.
35

 All 

experiments were approved by the Institutional Animal Care and Use Committee of the 

University of Virginia. 

3.2.2 Chemicals  

Phosphate-buffered saline (PBS) solution (all reagents were purchased from 

Fisher Scientific (Fair Lawn, NJ, USA)) was used for electrode calibration and consisted 

of 3.0 mM KCl, 10.0 mM NaH2PO4, 2.0 mM MgCl2, 131.25 mM NaCl and 1.2 CaCl2, 

with pH adjusted to 7.4. Adenosine was purchased from Sigma Aldrich (Milwaukee, WI, 

USA).  A 10.0 mM stock solution of adenosine was prepared in 0.1 mM HClO4 and 

stored at 4 
o
C.  Adenosine was diluted daily in PBS solution to 1μM for calibration of the 

electrodes. All aqueous solutions were prepared using deionized water (Milli-Q Biocel; 

Millipore, Billerica, MA, USA). 

3.2.3 Electrochemistry  

Fabrication of carbon fiber microelectrode with T-650 carbon fiber was 

previously described.
36

 Cylinder electrodes with diameters of 7 μm and lengths of 150-

200 μm were used. Fast-scan cyclic voltammetry was used to detect adenosine as 

previously described.
36

 For detection of adenosine, the electrode was scanned from -0.4 

V to 1. 45 V and back to – 0.4 V every 100 ms at 400 V/s. 
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3.2.4 Data Analysis and Statistics  

Transient adenosine events were first identified and analyzed using a new 

automated algorithm,
23

 adenosine events were then confirmed by an analyst to exclude 

any signals that were not adenosine. The primary oxidation peaks of adenosine in Figure 

1a-1c were filtered using a Fourier transform 1 Hz filter to reduce noise. All data were 

shown as mean ± SEM and all statistics were performed in GraphPad Prism 6 (GraphPad 

Software Inc., San Diego, CA, USA). A one-way ANOVA with post hoc Tukey’s test or 

a Student’s unpaired t-test was performed on the number, concentration and duration of 

transient adenosine to assess differences between knockout and wile type mice. The 

distribution of inter-event time of adenosine events was analyzed using Kruskal-Wallis 

test with post-hoc Dunn’s test or a Kolmogorov-Smirnov (KS) test.  Some data points for 

adenosine inter-event time are not shown in order to better show the lower inter-event 

time where changes were more obvious. However, all data for inter-event time were used 

for statistical analyses. Statistical significance was designated at p < 0.05.  

3.3 Results 

  The goal of this study was to test the extent to which extracellular metabolism of 

ATP by CD39 and CD73 is involved in formation of adenosine for spontaneous and 

mechanically-stimulated release. Adenosine was measured in the hippocampus, an area 

associated with memory and learning and also an important region in stroke studies, 

where hypoxia causes adenosine release to depress synaptic transmission.
18–22

 We have 

recently shown that the mouse hippocampus has the highest frequency of spontaneous 

adenosine release and the highest concentration of mechanically-stimulated adenosine 

release (Chapter 2). Therefore, the hippocampus was chosen for this study.  
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Transient changes of adenosine were measured in anesthetized mice using FSCV 

at a carbon-fiber microelectrode. Adenosine is identified with an oxidation peaks at 1.3 V 

on the cathodic scan and 1.2 V on the anodic scan in the cyclic voltammograms (Fig. 

3.1A-C, top) and 3-D color plots (Fig. 3.1A-C, bottom).
16

 An automated algorithm is 

used to identify adenosine transients and these confirmed transients are starred on the 

concentration traces.
23

 Spontaneous adenosine release events were continuously 

measured in the hippocampus of anesthetized mice for 4 hours. Mixed male and female 

mice were used in this study, as there was no significant difference between genders in 

frequency, concentration, and duration of adenosine (Fig. 3.2). Adenosine release events 

vary between wild type (WT), CD73KO, and CD39KO mice (Fig. 3.1). In WT mice, 

there are 3 transient adenosine events in this example 70 s window (Fig. 3.1A). However, 

there are only 2 events in CD73KO and only 1 event in CD39KO mice in a 70 s window 

(Fig. 3.1B and 3.1C).  The average number of adenosine events per hour was 57 ± 7 in 

WT, 35 ± 6 in CD73KO, and 20 ± 2 in CD39KO mice. There was a significant effect of 

strain on number of adenosine events (Fig. 3.1D, one-way ANOVA, WT: n = 8 animals, 

4M and 4F; CD73KO: n = 9 animals, 4M and 5F; CD39KO: n = 8 animals, 4M and 4F; p 

= 0.0008). The number of events in CD73KO and CD39KO mice was significantly lower 

than in WT mice (Tukey’s test, p = 0.026 and p = 0.0006, respectively). To examine the 

spontaneous release frequency, the inter-event time between two consecutive adenosine 

events was calculated. The average inter-event time was 63 ± 2 s in WT, 92 ± 3 s in 

CD73KO, and 174 ± 7 s in CD39KO mice. This means that transients happen on average 

once a minute in WT while they occurred about 3 minutes apart in CD39KO mice.  There 

were significant differences on the underlying distributions of inter-event time among all 
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three strains (Kruskal-Wallis test, p < 0.0001). Specifically, there was a significant 

difference between WT and CD73KO (Dunn’s test, p < 0.0001), WT and CD39KO (p < 

0.0001), as well as CD73KO and CD39KO (p < 0.0001). Spontaneous adenosine release 

occurs less frequently in CD73KO and least frequently in CD39KO compared to WT.  

 

 
Figure 3.1 Spontaneous adenosine release in hippocampus. Example adenosine 

release in the (A) wild type (WT), (B) CD73KO, and (C) CD39KO mice. Adenosine can 

be identified in cyclic voltammograms (top) by its primary oxidation peak at 1.3 V on the 

cathodic scan and secondary oxidation peak at 1.2 V on the anodic scan. Concentration 

vs. time traces (middle) were derived from corresponding 3-D color plots (bottom). 

Adenosine oxidations are the green/purple area in the middle of the color plot. (D) 

Number of adenosine events per hour (main effect, one-way ANOVA, p = 0.0008). The 

number of adenosine events was significantly higher in WT than CD73KO and CD39KO 

(Tukey’s test, p = 0.026 and p = 0.0006, respectively). (E) Inter-event time distributions. 

The underlying inter-event time distributions of adenosine were significantly different 

(Kruskal-Wallis test, p < 0.0001. Dunn’s multiple comparisons test, WT vs. CD73KO: p 

< 0.0001; WT VS. CD39KO: p < 0.0001; CD73KO VS CD39KO: p < 0.0001). (F) Mean 

concentrations of adenosine events were not significantly different (one-way ANOVA, p 

= 0.97). (G) Mean t1/2 did not significantly differ from each strain (one-way ANOVA, p = 

0.15). 

 

 

The mean concentration of adenosine events in each strain was similar with 0.40 

± 0.05 μM in WT, 0.38 ± 0.05 μM in CD73KO, and 0.39 ± 0.04 μM in CD39KO. There 

was no significant effect of strain on adenosine concentration (Fig. 3.1F, one-way 

ANOVA, p = 0.97). The duration, t1/2, was calculated from the width at the half peak 
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height. The mean t1/2 was 1.8 ± 0.1 s in WT, 1.6 ± 0.1 s in CD73KO, 1.7 ± 0.09 s in 

CD39KO, not significantly different (Fig. 3.1G, one-way ANOVA, p = 0.15). Thus, 

deletion of CD73 and CD39 did not affect the concentration or t1/2, but significantly 

decreased the number and frequency of spontaneous adenosine release events.  

 
Figure 3.2 Spontaneous adenosine release in the hippocampus of male and female 

wild type mice. (A) The number of adenosine events was not significantly different 

between male and female mice (unpaired t-test, p = 0.28). (B) The underlying inter-event 

time distributions of adenosine were not significantly different (KS test, p = 0.99). (C) 

The mean concentrations of adenosine events between male and female mice were not 

significantly different (unpaired t-test, p = 0.19).  (D) The mean t1/2 of adenosine events 

were also not significantly different (unpaired t-test, p = 0.31). 

 

 

Mechanically-stimulated adenosine release was performed by lowering the 

carbon-fiber microelectrode 0.1 mm in the same animal after 4 hours data collection of 

spontaneous adenosine release.  The mechanical stimulation was repeated every 15 min 

for a total of 4 stimulations. Occasionally, a mechanical stimulation did not induce 

detectable adenosine release. In both WT and CD39KO, 4 out of 32 stimulations (n=8 
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animals each) did not evoke release while in CD73KO 2 out of 36 stimulations (n = 9 

animals) did not evoke adenosine release.  Thus, there is no difference in frequency of 

evoked release among the different strains.   

 
Figure 3.3 Mechanically-stimulated adenosine release in hippocampus. (A) Example 

mechanically-stimulated adenosine release in the hippocampus of (A) wild type, (B) 

CD73KO, and (C) CD39KO mice. Electrode was lowered 0.1 mm at 30 s (arrow). 

Concentration vs. time traces show the peak concentration of adenosine. Four consecutive 

stimulations were performed every 15 min for a total of 4 stimulations in (D) wild type, 

(E) CD73KO, and (F) CD39KO mice. There was no significant effect of stimulation 

number on mechanically-stimulated adenosine in any strain (one-way ANOVA, WT: n = 

8 animals, 4M and 4F, p = 0.66; CD73KO: n = 9 animals, 4M and 5F, p = 0.24; 

CD39KO: n = 8 animals, 4M and 4F, p = 0.084). (G) Average concentrations of 

stimulated adenosine were not significantly different among all three strains (one-way 

ANOVA, p = 0.33). Average t1/2 of adenosine did not differ by stimulation number in (H) 

WT,  (I) CD73KO, and (J) CD39KO mice (one-way ANOVA, p = 0.42). (K) Mean t1/2 of 

adenosine did not vary among three strains (one-way ANOVA, p = 0.63). 
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Figure 3.3A-C show examples of mechanically-stimulated adenosine release in 

WT, CD73KO and CD39KO mice after the electrode was lowered 0.1 mm at 30 s. The 

peak concentration of adenosine is 12 μM with a t1/2 of 10 s in WT, 8 μM with a t1/2 of 

5.5 s in CD73KO and 9 μM with a t1/2 of 6.2 s in CD39KO mice. Fig. 3.3D-K show the 

average concentration and t1/2 of each successive mechanical stimulation as well as 

average for all stimulations. Overall, there was no significant effect of stimulation 

number on concentration (one-way ANOVA, WT: n = 8 animals, 4M and 4F, p = 0.66; 

CD73KO: n = 9 animals, 4M and 5F, p = 0.27; CD39KO: n = 8 animals, 4M and 4F, p = 

0.42) or t1/2 of mechanically-evoked adenosine (one-way ANOVA, WT: p = 0.75; 

CD73KO: p = 0.27; CD39KO: p = 0.42). Thus, the concentration and t1/2 of adenosine are 

constant for multiple stimulations. The average concentrations of adenosine for all 

stimulations were slightly lower in CD73KO with a concentration of 9 ± 1 μM and 

CD39KO with a concentration of 10 ± 1 μM compared to a concentration of 12 ± 2 μM in 

WT, but there was no significant difference among all three strains (one-way ANOVA, p 

= 0.33). The average t1/2 of mechanically-stimulated adenosine was 12 ± 2 s in WT, 10 ± 

1 s in CD73KO, and 11 ± 1 s in CD39KO, and there was no significant effect of mice 

strains on t1/2 (one-way ANOVA, p = 0.63). Overall, deletion of CD73 or CD39 did not 

affect the concentration or t1/2 of mechanically-stimulated adenosine release.  

3.4 Discussion 

 In this experiment, we tested the effect of CD39KO and CD73KO on the 

production of spontaneous and mechanically-stimulated adenosine release.  With FSCV 

detection, carbon-fiber microelectrodes are up to 6-fold more sensitive for adenosine than 

ATP.
24

 In addition, the secondary peak is more prominent for adenosine than ATP 
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detection;
25

 thus, with FSCV we are only observing adenosine and not ATP.  Our 

hypothesis was that in the CD73KO and CD39KO mice, the number and concentration of 

adenosine events would decrease if the mechanism of adenosine formation was due to 

extracellular ATP hydrolysis.  Knocking out either CD39, which metabolizes ATP or 

ADP to AMP or CD73, which metabolizes AMP to adenosine, reduces the frequency of 

spontaneous adenosine release events, but does not change the concentration of each 

event.  For mechanically-stimulated release, the concentration is also not affected by 

CD39KO or CD73KO, and the frequency is not affected either, as adenosine is seen with 

most of the mechanical stimulations. Thus, knocking out CD39 or CD73 has different 

effects on different modes of rapid adenosine release but does not affect the concentration 

of either event.  Therefore, the events that are observed may not be due to breakdown of 

extracellular ATP.  Here, we discuss the similarities and differences between the modes 

of adenosine release and how that could be important in the future for developing specific 

drug targets.   

Adenosine is formed by two different mechanisms of formation, intracellular and 

extracellular.  Intracellular formed adenosine is released from equilibrative adenosine 

transporters
5
 or stored in synaptic vesicles and released by a Ca

2+
-dependent excitation-

secretion mechanism
6
. The intracellular mechanism of release has been identified during 

cortical seizure, where adenosine is released directly from neurons to activate A1 

receptors in vivo.
26

 However, most studies have identified extracellular breakdown of 

ATP as the main source of extracellular adenosine. For example, rapid conversion of 

extracellular ATP, ADP and AMP to adenosine is observed in the hippocampus slice, 

where ATP is quickly degraded to adenosine in about 200 milliseconds.
27

 Breakdown of 
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ATP is responsible for adenosine accumulation during high frequency stimulation, where 

application of ATP metabolism inhibitor, ARL 67156, decreases the amount of 

adenosine.
28

   

The predominant enzyme responsible for the conversion of ATP or ADP to AMP 

is CD39 (NTPDase1) and for conversion of AMP to adenosine is CD73 (ecto-5’-

nucleotidase).
29

 CD39 hydrolyzes ATP and ADP about equally.
30

 However, hydrolysis of 

ATP to adenosine is such an important pathway that there are redundant, alternative 

enzymes. ATP and ADP can also be hydrolyzed by NTPDase2 and 3; NTPDase2 has a 

strong preference for ATP and NTPDase3 is a functional intermediate that also 

preferentially hydrolyzes ATP.
30

 Alkaline phosphatase in brain tissue can also 

dephosphorylate ATP, ADP and AMP.
31

 Prostatic acid phosphatase (PAP) produces 

adenosine from AMP.
14

 Thus, knocking out a major pathway of ATP metabolism may 

still result in adenosine formation by other enzymes such as acid or alkaline 

phosphatases. In our spontaneously released adenosine results, the frequency of 

adenosine events was reduced 40% in CD73KO and 65% in CD39KO.  Thus, one 

explanation of these results is that the remaining events are due to other pathways of ATP 

breakdown, but that some events are not seen because the ATP cannot be rapidly broken 

down.      

The Zylka group discovered rapid adenosine transients in lamina II of spinal cord 

slices and used KO mice to determine that the transients were due to the extracellular 

breakdown of ATP.  Double knock-out of PAP and CD73 reduced both the frequency 

and concentration of adenosine transients by more than 50%, but did not fully eliminate 

the spontaneous events.
14

 A later paper found that tissue non-specific alkaline 
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phosphatase (TNAP) also contributed to AMP breakdown and that applying a drug to 

block TNAP virtually eliminated AMP breakdown in the slices.
31

 Our findings of 

reduced frequency of adenosine transients are in agreement with these studies; however 

we did not see a decrease in event concentration while they did.  The decreased frequency 

could be due to ATP events, where ATP cannot be broken down to adenosine.  However, 

if other mechanisms are available to break down some of the ATP, we would have 

expected smaller concentration events and this was not observed.  Thus, the steady 

concentration after CD39KO and CD73KO suggests that adenosine transients may not be 

due to the breakdown of extracellular ATP.  In the future, it would be interesting to 

examine spontaneous adenosine release in mouse hippocampus using PAP or PAP/CD73 

double KO, but the PAP mice are no longer available and considerable resources would 

be needed to make them again.   

The reduced frequency, but no change in concentration, for spontaneous 

adenosine release leads to another possible explanation for the formation of adenosine.  It 

is possible that CD73 or CD39 deletion causes higher basal levels of ATP and this could 

act at ATP receptors to cause an inhibition of release.  For example, ATP receptors are 

located presynaptically on glutamate terminals and modulate glutamate release;
27

  if 

adenosine or ATP was being co-released with glutamate, this would affect the frequency 

of the events. Build-up of ATP concentration might cause changes in ATP circuits that 

could regulate the release events.  Thus, we cannot rule out that CD73 or CD39 deletion 

indirectly affects the frequency or events. In this scenario, it is more likely that the 

released nucleotide is adenosine itself, as that would lead to the same concentration of 

released adenosine and not the diminished concentration observed by the Zylka group.    
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For mechanically-stimulated release, our findings reveal that CD73 and CD39 are 

not majorly involved in the mechanism of rapid adenosine release. The frequency of 

mechanical stimulation evoking adenosine transients was similar in all genotypes, with 

stimulation causing release 88% in WT, 94% in CD73KO and 88% in CD39KO. The 

concentration of adenosine released per event was also not different in CD73KO and 

CD39KO than WT mice. Therefore, other mechanisms of adenosine formation contribute 

to the signal. Adenosine can be formed intracellularly and released from synaptic 

vesicles.
6
 Adenosine formed intracellularly is often released directly through equilibrative 

nucleoside transporters (ENTs), such as ENT1 and ENT2.
32

 However, inhibiting ENTs 

with NBTI in rat brain slice did not affect the concentration of mechanically-stimulated 

adenosine release.
17

 In previous brain slice studies, blocking ATP metabolism with POM-

1, a high affinity inhibitor of nucleoside triphosphate diphospholydrolase 1,2 and 3, did 

reduce the concentration of mechanically-stimulated adenosine release,
17

 indicating that 

NTPDase 2 and 3 may contribute to the formation of mechanically-stimulated adenosine 

release. In addition, application of tetrodotoxin to block sodium channels or chelating 

calcium with EDTA decreased the concentration of mechanically-sensitive adenosine 

release, suggesting mechanically-stimulated adenosine release is activity dependent and 

vesicular.
17

 Thus, future research is required to identify if other ATP enzymes are 

sufficient to break down ATP to adenosine or if adenosine is released per se.    

These data allow a direct investigation on the formation of spontaneous and 

mechanically-stimulated adenosine release, because measurements were made in the 

same animals. Deletion of CD73 or CD39 eliminates about half of spontaneous adenosine 

release events but do not affect the adenosine that resulting from mechanically-stimulated 
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release. For both mechanisms, the concentration of events is not different with CD73KO 

or CD39KO.  Therefore, there are two possibilities that will need to be tested in the 

future: (1) that the mechanism of release is due to other enzymes that are responsible for 

ATP breakdown and (2) that adenosine is not a breakdown product of extracellular ATP 

but is released as intracellularly formed adenosine.  Because the frequency of 

spontaneous release could be influenced by the basal level changes in ATP, either of 

these mechanisms could be responsible for spontaneous or mechanically-stimulated 

release.  However, this study does show an interesting result that might be useful for 

developing future drug targets.  The effect of deletion of CD73 or CD39 on spontaneous 

release frequency argues that these enzymes can be targeted to modulate spontaneous 

release, and they would not have any effect on mechanically-stimulated release. 

Spontaneous release is generally modulated by frequency and not concentration, and 

these enzymes are additional targets.  Preferential targeting of one mode of adenosine 

release might be valuable for adenosine-based therapies, as many have failed due to the 

ubiquitous nature of adenosine.  For example, our previous study showed that 

spontaneous adenosine release events increased during ischemia-reperfusion injury and 

provide fast, local neuroprotection.
33

  Treatments to upregulate CD73 or CD39 might 

provide even more local neuroprotection. While most previous studies have found that 

extracellular ATP breakdown is the source of adenosine, our results show that the 

mechanism of rapid adenosine release is complicated and may not be due to extracellular 

adenosine breakdown.  More studies are needed to understand the modes of release and 

how they can be manipulated to provide better neuroprotection.  
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Abstract 

Adenosine is an endogenous nucleoside that modulates important physiological 

processes, such as vasodilation, in the central nervous system. A rapid, 2-4 seconds, 

mode of adenosine release has been recently discovered, but the relationship between this 

type of adenosine and blood flow change has not been characterized.  In this study, 

adenosine and oxygen changes were simultaneously measured using fast-scan cyclic 

voltammetry. Oxygen changes occur when there is an increase in local cerebral blood 

flow and thus are a measure of vasodilation.  About 34% of adenosine transients in the rat 

caudate-putamen are correlated with a subsequent transient change in oxygen.  The 

amount of oxygen was correlated with the concentration of adenosine release and larger 

adenosine transients (over 0.4 μM) always had subsequent oxygen changes.  The average 

duration of adenosine and oxygen transients were 3.2 seconds and 3.5 seconds, 

respectively.  On average, the adenosine release starts and peaks 0.2 seconds prior to the 

oxygen. The A2A antagonist, SCH 442416, decreased the number of both adenosine and 

oxygen transient events by about 32%. However, the A1 antagonist, DPCPX, did not 

significantly affect simultaneous adenosine and oxygen release. The nitric oxide (NO) 

synthase inhibitor L-NAME also did not affect the concentration or number of adenosine 

and oxygen release events.  These results demonstrate that both adenosine and oxygen 

release are modulated via A2A receptors.  The correlation of transients concentrations, 

time delay between adenosine and oxygen peaks, and effect of A2A receptors suggests 

adenosine modulates blood flow on a rapid, sub-second time scale.  
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4.1 Introduction 

Adenosine is an endogenous nucleoside involved in many important biochemical 

processes throughout the body, including energy balance. Adenosine formation increases 

during times of accelerated neuronal activity,
1,2

 and it can be released from cells, 

becoming an extracellular signal that more energy is being consumed. One way 

adenosine signals for more energy to be delivered is by acting as a vasodilator, increasing 

blood flow.
3,4

 Tissue metabolism has a continuous need for oxygen, which usually is 

delivered by blood flow.
5
 In stressful conditions, when energy consumption is high, 

vasodilation occurs and the amount of oxygen delivered to the tissue is actually higher 

than during normoxic conditions. Previous studies showed that the concentration of 

adenosine in extracellular space of the brain dramatically increases during conditions 

such as ischemia.
6–8

 Endogenous adenosine acts as a vasodilator to increase cerebral 

blood flow,
9
 an effect primarily mediated by A2A receptors located on blood vessels;

10,11
 

however, the relationship between adenosine and oxygen and the extent to which A2A 

receptors regulates both adenosine and blood flow changes are not fully known.   

Local blood flow increases are measured in several ways. One is hydrogen 

clearance, 
12,13

 where platinum electrodes are used to measure the clearance of inhaled 

H2.  Another method for estimating blood flow is measuring changes in cerebrovascular 

resistance using laser Doppler spectroscopy.
14

 Changes in vessel diameter are also 

measured to investigate cerebral vasodilation after pharmacological administration.
15

 

Blood flow changes can be estimated by monitoring oxygen level changes using blood-

oxygen level dependent (BOLD) imaging.
16,17

 The increase in oxygen can also be 

measured electrochemically, using either amperometry or fast-scan cyclic voltammetry 
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(FSCV).
5,18

 FSCV is useful because it can measure both neurotransmission and oxygen 

levels.  For example, FSCV has been used to measure dopamine or norepinephrine levels 

simultaneously with oxygen levels, using a modified waveform that scans down to -1.4 V 

to measure oxygen reduction.
19,20

 To measure adenosine and oxygen levels, the FSCV 

waveform can be modified to scan up to 1.5 V and down to -1.4 V to both oxidize 

adenosine and reduce oxygen.
21

   

Previous studies have shown that adenosine accumulates in times of stress, such 

as ischemia, and can induce vasodilation and change cerebral blood flow.  Recently, a 

new type of rapid adenosine release has been characterized in the caudate-putamen and 

prefrontal cortex regions in vivo.
22

 This spontaneous, transient adenosine release is fast, 

lasting only 2 – 5 seconds in the extracellular space.
23

 Transient adenosine release can 

modulate dopamine neurotransmission on a rapid time scale.
24

 However, it is not known 

if this rapid mode of adenosine release has an effect on cerebral blood flow.  

The goal of this study was to determine the relationship between transient 

adenosine and changes in cerebral blood flow. We tested the hypothesis that spontaneous, 

transient adenosine is correlated with vasodilation in local areas of the brain. Adenosine 

and oxygen transients were measured simultaneously in caudate-putamen of anesthetized 

rats using FSCV. Oxygen release was detected after about 34% of adenosine transients. 

The concentrations of adenosine and oxygen changes were correlated and big adenosine 

transients were always followed by an oxygen transient. The A2A antagonist, SCH 

442416, decreased the number of adenosine and oxygen transients and increased the time 

interval between each transient release but A1 antagonist, DPCPX, did not. Thus, 
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endogenous transient adenosine was correlated with transient local vasodilation and both 

were modulated through A2A receptors.  

4.2 Materials and Methods 

4.2.1 Chemicals and Drugs 

Phosphate buffered saline (PBS) solution (all components in mM: 3.0 KCl, 10.0 

NaH2PO4, 2.0 Na2SO4, 1.2 MgCl2, 131.25 NaCl and 1.2 CaCl2, with pH adjusted to 7.4) 

were purchased from Fisher Scientific (Fair Lawn, NJ, USA)) was used for electrode 

calibration. Adenosine was purchased from Sigma-Aldrich (Milwaukee, WI, USA). A 

10.0 mM stock solution of adenosine was prepared in 0.1 M perchloric acid (HClO4) and 

stored in the refrigerator. A 1.0 µM adenosine solution was made in PBS on the day of 

use.  All aqueous solutions were prepared using deionized water (Milli-Q Biocel; 

Millipore, Billerica, MA, USA). 

8-Cyclopentyl-1, 3-dipropylxanthine (DPCPX, 6 mg/kg, Sigma-Aldrich) and 2-

(2- Furanyl)-7-[3-(4-methoxyphenyl) propyl]-7H-pyrazolo[4,3-e][1,2,4]triazolo[1,5-

c]pyrimidin-5- amine (SCH 442416, 3 mg/kg, Tocris, UK) were dissolved in 300 μL 

dimethyl sulfoxide (DMSO, Amresco, Solon, OH, USA), whereas Nω-Nitro-L-arginine 

methyl ester hydrochloride ( L-NAME, 100 mg/kg, Sigma-Aldrich) was dissolved in 1 

mL heated saline and all drugs were administered intraperitoneally (i.p). These doses 

were selected based on previous experiments reported in the literature.
19,22,25
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4.2.2 Fabrication of Carbon-Fiber Microelectrodes and Fast Scan Cyclic 

Voltammetry 

Carbon-fiber microelectrodes were fabricated by aspirating a 7 µm diameter T-

650 carbon-fiber (Cytec Engineering Materials, West Patterson, NJ, USA) into a glass 

capillary (1.2 mm x 0.68 mm; A-M System, Inc., Seqium, WA, USA) and pulling it in a 

vertical micropipette puller (model PE-21; Narishige, Tokyo, Japan). The extended 

carbon fiber was cut with a scalpel to a length of around 100 µm. Prior to use, electrodes 

were soaked in 2-propanol for at least 10 minutes and then backfilled with 1 M KCl.  

Fast-scan cyclic voltammetry (FSCV) was used to detect adenosine and oxygen 

with sub-second temporal resolution. The cyclic voltammetric waveform was generated 

and the resulting signals were computer controlled by Tar Heel CV or HDCV (from Mark 

Wightman, UNC at Chapel Hill), written in LabVIEW (National Instruments, Austin, 

TX, USA). A Dagan Chem Clamp potentiostat (Dagan Corporation; Minneapolis, MN, 

USA) was used to apply the potential and measure the current. For simultaneous 

detection of adenosine and oxygen, the electrode was scanned from 0 V to 1.45 V, then -

1.4 V and back to 0 V every 100 milliseconds at 450 V/s. The reference electrode was a 

Ag/AgCl electrode. All color plots and cyclic voltammograms were background 

subtracted to remove any non-Faradic currents, by subtracting the average of 10 CVs 

collected no more than 10 seconds before the event. 

4.2.3 Flow-Injection Apparatus and in vitro Calibrations 

A flow-injection apparatus was used to calibrate the electrode in concentrations of 

adenosine and oxygen after in vivo experimentation 
26

. Electrodes were calibrated with 

1.0 µM adenosine in PBS buffer. To calibrate oxygen concentration, air- and nitrogen-
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saturated PBS buffers were used. Oxygen concentrations were measured in various 

mixtures of nitrogen- and air-saturated PBS with volume ratios of 2:1, 5:1, 10:1, and 15:1 

using D.O. 6+ dissolved oxygen meter (Eutech Instruments Pte Ltd. Singapore). The 

concentration of oxygen in each solution was compared to nitrogen-saturated PBS, which 

contains no oxygen. Peak reduction currents for oxygen were used for calibration, shown 

in Figure 4.1. 

4.2.4 Animals and Surgery 

Male Sprague-Dawley rats (250 – 350 g; Charles-River, Wilmington, MA, USA) 

were housed on a 12:12-h light/dark cycle with food and water provided ad libitum. Rats 

were initially anesthetized with isoflurane (1 mL/100 g rat weight) and then injected with 

urethane (1.5 g/kg, i. p.). The surgical site was shaved and the rat was placed in a 

stereotaxic frame. Bupivacaine (0.25 mL) (Sensorcaine® MPF, APP Pharmaceuticals, 

LLC; Schaumburg, IL, USA) was administered under the skin for local anesthesia. Holes 

were drilled using a stereotaxic drill for electrode placement after the skull was exposed. 

Electrodes were placed in the caudate-putamen (+ 1.2 mm anterior-posterior (AP), + 2.0 

mm mediolateral (ML), and - 4.5 mm dorsoventral (DV). A Ag/AgCl reference electrode 

was inserted on the contralateral side of brain. The body temperature of the rat was 

maintained at 37 °C using an isothermal pad (FHC, Bowdoin, ME, USA). All 

experiments were approved by the Institutional Animal Care and Use Committee of the 

University of Virginia. 
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Figure 4.1 Calibration of oxygen. The oxygen concentration was calibrated using 

nitrogen- and air-saturated PBS buffer with volume ratio of 1:0, 2:1, 5:1, 10:1, and 15:1. 

Nitrogen-saturated PBS buffer without oxygen was used as running buffer. The linear 

equation is y = -0.34x (R
2
 = 0.99). This graph allows calculation of oxygen 

concentration.  

 

4.2.5 Data Collection and Analysis 

Electrodes were implanted and equilibrated for at least 30 minutes with the 

applied waveform prior to data collection. Data were excluded if less than 10 transients 

were observed within the initial 30 minutes. If robust transients were not found, a new 

electrode was inserted and up to five electrodes were tried for each animal. After 

transients were identified, the electrode placement was optimized and data were collected 

for four hours. 

Principal component regression analysis was used to identify adenosine and 

oxygen transients.  A training set was obtained using the five largest and most definitive 

adenosine transients for each rat in vivo.
22

 For oxygen, a training set was compiled for 

the five different concentrations of oxygen that were measured in vitro. The oxidation 



Wang | 83 

 

 

peak of adenosine and the reduction peak of oxygen were filtered using a Fourier 

transform 1 Hz filter to reduce noise. 

4.2.6 Statistical Analysis 

Statistical analyses were performed using GraphPad Prism (GraphPad Software 

Inc., San Diego, CA, USA), or OriginPro 7.5 (Origin Lab Corporation, Northampton, 

MA, USA). A student’s t-test was used to compare the effects of the drugs on pre- and 

post-drug response of the number and concentrations of adenosine and oxygen transients.  

The distribution of inter-event times of adenosine and oxygen transients were analyzed 

using a Kolmogorov-Smirnov (KS) test. Some data points for adenosine and oxygen 

inter-event times are not shown in order to better show the lower inter-event times where 

changes are more obvious after drug administration. However, all data for inter-event 

times were used for statistical analyses. Statistical significance was designated at p < 0.05 

and all data are presented as mean ± standard error of the mean (SEM).  

4.3 Results 

4.3.1 Adenosine and oxygen cyclic voltammetry in vivo 

Fast-scan cyclic voltammetry at a carbon-fiber microelectrode was used to 

simultaneously detect fast changes in adenosine and oxygen with sub-second temporal 

resolution. The potential was scanned from 0 V to 1.45 V, then to -1.4 V and back to 0 

V at 450 V/s every 100 milliseconds as shown in Figure 4.2A. The double layer 

charging at the electrode produces a large but stable background current and can be 

subtracted out to obtain a background-subtracted cyclic voltammogram (Fig. 4.2B and 

4.2D). Oxidation of adenosine results in two oxidation peaks in the background-
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subtracted cyclic voltammogram. With this waveform, the primary oxidation of 

adenosine occurs right after the switching potential at 1.27 V on the cathodic scan 

because of slow electron transfer.  A secondary oxidation occurs at 1.26 V on the 

anodic scan. The reduction of oxygen occurs at -1.3 V on the cathodic scan. A 

representative color plot is shown in Figure 4.2C. In the color plot, time is plotted on the 

abscissa, electrode potential is plotted on the ordinate, and the current is depicted in false 

color. The green/purple ovals represent the adenosine oxidation currents. The top oval is 

 

Figure 4.2 Fast-scan cyclic voltammetry for detection of adenosine and oxygen.  (A) 

The potential applied to the carbon fiber microelectrode is ramped from 0 V to 1.45 V, 

then -1.4 V and back to 0 V at a scan rate of 450 V/s. (B) The potential sweep produces a 

large background current. The solid black line is the background current, and the dashed 

red line is the current observed in the presence of adenosine and oxygen. (C) A color plot 

of an adenosine transient that is 0.75 μM and an oxygen transient of 58 μM in vivo, where 

the x-axis is time in seconds, the y-axis is the applied potential, and z-axis is current (nA) 

depicted in false color.  (D) A cyclic voltammogram for adenosine and oxygen. The 

primary and secondary oxidations of adenosine occur at 1.27 V on the back scan and 1.26 

V on the front scan, respectively. The reduction of oxygen occurs at -1.3 V. 
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the primary oxidation and the bottom oval is the secondary oxidation of adenosine. The 

secondary oxidation is slightly delayed in time from the primary oxidation because it is 

due to the oxidative byproduct formed after the primary oxidation. For oxygen, the dark 

blue area around -1.3 V is the reduction of oxygen. Because the oxidation of adenosine 

and reduction of oxygen occur at different potentials, adenosine and oxygen release can 

be detected simultaneously. 

4.3.2 Correlation of adenosine and oxygen 

To determine whether the oxygen signal was delayed from the adenosine signal, 

the starting points of adenosine and oxygen peaks were measured and compared (Fig. 

4.3). Current versus time traces are plotted at the primary oxidation potential of 

adenosine and the reduction potential of oxygen, which help identify the timing of the 

events. In this example, adenosine starts to rise about 0.1 second before oxygen starts to 

change.  The cyclic voltammogram (CV) shows that the first CV that has a clear 

primary oxidation peak of adenosine and does not have an oxygen peak that is 

discernible from the noise. On average, adenosine started to increase 0.2 ± 0.03 seconds 

before oxygen, indicating the adenosine transient occurs before the release of oxygen. 
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Figure 4.3 Timing of adenosine and oxygen transients in vivo. Color plot, CV, and 

current versus time traces depicting adenosine and oxygen dynamics in caudate-putamen. 

The color plot and current versus time traces shows that the change in adenosine occurs 

before the change in oxygen concentration. The inset CV is the very first CV where 

adenosine is clearly present (taken from dashed red line) and there is no discernible 

oxygen peak above the noise. 

 

Additionally, the time difference between the peak adenosine and oxygen 

concentration was calculated for each set of transients and plotted in 0.1 second bins 

(Fig. 4.4A). Further supporting that adenosine comes first, the mean and median of delay 

time for the oxygen peak were 0.4 seconds and 0.2 seconds, respectively, which means 

if an oxygen transient was observed, the oxygen usually peaked 0.2 seconds after the 

adenosine peak.  
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Figure 4.4B shows a correlation plot of the concentration of spontaneously 

released adenosine vs. the oxygen concentration. Data are only plotted for adenosine 

transients that occurred with an oxygen transient. There is a linear relationship 

between the transient adenosine concentration and the oxygen concentration. The 

correlation coefficient is 0.63, indicating that 63 percent of the variance in oxygen 

concentration is due to the variance in spontaneous transient adenosine concentration. 

To further understand how often adenosine was released with an oxygen event, 

a plot was made of binned adenosine concentration vs. percentage of transient 

adenosine events with an accompanying oxygen event (Fig. 4.4C). The minimum 

concentration of adenosine that was ever released with an oxygen event was 0.02 µM, 

which is higher than 0.01 μM, the lowest concentration of adenosine that we can 

detect. When the concentration of adenosine was 0.15 µM, about 50% of adenosine 

events were released with oxygen, and when the concentration of adenosine was 0.4 

µM or higher, all adenosine events had oxygen transients that followed. Overall, 

because most adenosine release events were low concentration, 34% of measured 

adenosine events were accompanied by an oxygen transient. 

The duration of both adenosine and oxygen changes were short, demonstrating 

that that adenosine and oxygen are available to mediate responses in the extracellular 

space for only a few seconds. The durations of adenosine and oxygen release events 

were 3.2 ± 1.9 seconds and 3.5 ± 1.9 seconds, respectively. High concentration release 

events of adenosine or oxygen had a longer duration because it takes a longer time to 

clear higher concentrations.
27
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Figure 4.4 Correlation of adenosine and oxygen. (a) Time delay between peak 

adenosine and peak oxygen (in 0.1 s bins). The exponential fit (dashed line) is y = 0.25e
-

2.9x 
(R

2
= 0.98) (n = 24 animals). (b) Correlation plot of adenosine concentration versus 

oxygen concentration. There is a linear relationship with a correlation coefficient of 0.63 

(n = 983 adenosine/oxygen transients pairs from 24 animals). (c) Percent of transient 

adenosine events that cause oxygen release (adenosine transients binned in 0.05 μM bins 

on x-axis, n = 24 animals). 
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4.3.3 Adenosine and Oxygen Transients Over Time 

Spontaneous adenosine and oxygen release events were continuously 

measured for four hours and comparison made between the first two hours and second 

two hours as a control for pharmacological experiments. The number of transients was 

averaged for each animal, and the plot shows box and whisker plots with the median 

and quartiles in the box and the range marked by the whiskers (Fig. 4.5A-B).  The 

variance is large due to differences from animal to animal and there were no significant 

changes in the number of adenosine or oxygen transients between first two hour and 

second two-hour time periods (n = 6, paired t-test, p = 0.13 and p = 0.89, respectively). 

To examine the frequency, the time between consecutive transients was plotted as a 

histogram (Fig. 4.5C-D).  The adenosine transients occur closer together than the 

oxygen transients because not all adenosine transients were followed by oxygen 

release. The distribution of inter-event times for the first two hours and second two 

hours were compared using the Kolmogorov- Smirnov (KS) test and were not 

significantly different (n = 6 animals, p = 0.51 and p = 0.46, respectively). The average 

cumulative concentration of released adenosine was plotted by adding the peak 

concentrations of adenosine over time and then the concentrations were divided by the 

number of animals.  While the average cumulative concentration traces of both all 

adenosine and oxygen transients show higher concentration in the second two hours 

(Figure 4.5E-F), the maximum cumulative concentrations, which is maximum 

cumulative concentration from each animal, were not significant for adenosine or 

oxygen transients (student’s paired t-test, n = 6 animals, p = 0.064 and p = 0.087, 
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respectively). The median event concentration was calculated per animal and box and 

whisker plots are plotted in Fig. 4.5G-H for all adenosine, adenosine transients with 

oxygen (Ad w/O2) and oxygen concentrations.  There were no significant effects of time 

on the median concentrations of transients (paired t-test, n = 6, p = 0.099, p = 0.22, and 

p = 0.43, respectively). Thus, the number of transients, inter-event time, or 

concentrations of adenosine and oxygen transients do not change over four hours of data 

collection. In addition, a four-hour control experiment was also performed by injecting 

the vehicle, DMSO, after 2 hours. The administration of DMSO did not affect the 

number of transients, inter-event time, or concentration of adenosine or oxygen 

transients (Fig. 4.6). 
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Figure 4.5 Spontaneous adenosine and oxygen release in the caudate-putamen. 
Spontaneous adenosine and oxygen release in the caudate putamen. (A) Number of 

adenosine transients did not change between the first two hours and second two hours 

blocks (paired t-test, n=6, p=0,13). (B) Number of oxygen transients also did not change 

(p = 0.89. (C) Inter-event time of all adenosine transients. The exponential fit (dashed 

black line) in the first two hours is y = 0.70e
-0.0081x

 (R
2
 = 0.98) and in the second two 

hours (solid red line) is y = 0.67e
-0.0082x

 (R
2
 =0.99). There was no significant difference 

between the underlying distributions in the first two hours and second two hours (KS-test, 

n=6 animals, p = 0.51). (D) Inter-event time of oxygen. The exponential fit in the first 

two hours (dashed black line) is y = 1.4e
-0.0072x

 (R
2
 = 0.99) and in the second two hours 

(solid red line) is y = 1.1e
-0.0064x

 (R
2
 = 0.98). The distributions were not significantly 

different (KS-test, p = 0.46). (E) Cumulative concentration of adenosine for first two 

hours (black) and second two hours (red).  Insert shows the maximum cumulative 

concentration which was not significantly different (paired t-test, n = 6, p = 0.064). (F) 

Cumulative concentration traces of oxygen also did not significantly change for the first 

two hours and second two hours (p = 0.087). (G) The median event concentration of all 

adenosine transients and adenosine with oxygen (Ad w/O2) were not significantly 

different (paired t-test, p = 0.098 and p = 0.22).  (H) The median event concentration of 

each oxygen transient also did not differ with time (p = 0.43).  
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Figure 4.6 Effect of DMSO (300 μL. i.p.) on adenosine and oxygen transients. All 

data and statistics are for n = 5 animals. (A) Number of adenosine transients did not 

significantly change after DMSO (student’s paired t-test, p = 0.75). (B) Number of 

oxygen transients did not significantly change after DMSO (p = 0.62). (C) Inter-event 

time of all adenosine transients. The exponential fit (dashed black line) before DMSO is 

y = 1.6e
-0.0031x

 (R
2
 = 0.99) and after DMSO (solid red line) is y = 1.3e

-0.0030x
 (R2 =0.99). 

There was no significant difference between the underlying distributions before and after 

DMSO (KS-test, p = 0.99). (D) Inter-event time of oxygen. The exponential fit before 

DMSO (dashed black line) is y = 2.5
e-0.010x 

(R
2
 = 0.99) and after DMSO (solid red line) is 

y = 2.2e
-0.0075x

 (R
2
 = 0.99). The underlying distributions before and after DMSO were not 

significantly different (KS-test, p = 0.99). (E) Cumulative concentration traces for 

adenosine, with an inset plotting the maximum cumulative concentrations. The maximum 

cumulative adenosine concentration did not change after DMSO (paired t-test, p = 0.48). 

(F) Maximum cumulative oxygen concentration did not change after DMSO (p = 0.74). 

(G) Median event concentration of adenosine transients. The median event concentrations 

of all adenosine and Ad w/O2 were not significantly change after DMSO (student’s 

paired t-test, p = 0.13 and p = 0.56, respectively). (H) The median event concentration of 

oxygen transients was not significantly change after DMSO (p = 0.22).  
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4.3.4 A1, A2A, and NO Modulation of Oxygen Response 

To investigate the receptor subtype specificity involved in the relationship 

between adenosine and blood flow changes, we tested the effects of A1 and A2A receptor 

drugs on simultaneous adenosine and oxygen transients. For all pharmacological 

experiments, two hours of baseline data were collected and then the drug was 

administered and data were collected for an additional two hours. 

The A1 receptor antagonist, DPCPX, was administered at 6 mg/kg, i.p. The 

number of adenosine and oxygen transients did not significantly change after DPCPX, 

although there was a trend towards more oxygen transients (Fig. 4.7A-B, student’s 

paired t-test, n = 8 animals, p = 0.47 and p = 0.055, respectively). Administration of 

DPCPX did not significantly change the underlying inter-event time distributions for 

either transient adenosine or oxygen release (Fig. 4.7C-D, KS test, n= 8 animals, p = 

0.69 and p = 0.87, respectively). The average cumulative concentrations of both 

adenosine and oxygen transients were lower after DPCPX administration (Fig. 4.7E-

F), but the differences of maximum cumulative concentrations were not significant  

(student’s paired t-test, n = 8 animals, p = 0.31 and p = 0.46, respectively). There was a 

significant decrease in median event concentration for all spontaneous adenosine 

transients (student’s paired t-test, n = 8 animals, p = 0.016) (Fig. 4.7G), but DPCPX did 

not significantly affect the median event concentration of Ad w/O2 or oxygen transients 

(student’s paired t-test, n = 8 animals, p = 0.093 and p = 0.086, respectively) (Fig. 

4.7G-H). Thus, A1 receptor blockade with DPCPX did not change the number, 

concentration or inter-event time of simultaneous adenosine and oxygen release but 

only decreased the median concentration of all adenosine transients. 
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Figure 4.7 Effect of the A1 antagonist, DPCPX (6 mg/kg. i.p.), on adenosine and 

oxygen transients.  All data and statistics are for n=8 animals. (A) Number of adenosine 

transients did not significantly change after DPCPX (student’s paired t-test, p = 0.47). (B) 

Number of oxygen transients did not significantly change after DPCPX (p = 0.055).  (C) 

Inter-event time of all adenosine transients. The exponential fit (dashed black line) before 

DPCPX is y = 1.2e
-0.024x

 (R
2
 = 0.99) and after DPCPX (solid red line) is y = 1.2e

-0.024x
 (R

2
 

=0.99). There was no significant difference between the distributions before and after 

DPCPX (KS-test, p = 0.69). (D) Inter-event time of oxygen. The exponential fit before 

DPCPX (dashed black line) is y = 1.7e
-0.0082x

 (R
2
 = 0.99) and after DPCPX (solid red 

line) is y = 1.5e
-0.0078x

 (R
2
 = 0.99). The distributions before and after DPCPX were not 

significantly different (KS-test, p = 0.87). (E) Cumulative concentration traces for 

adenosine, with an inset plotting the maximum cumulative concentrations.  The 

cumulative adenosine concentration did not change after DPCPX (paired t-test, p = 0.31). 

(F) Maximum cumulative oxygen concentration did not change after DPCPX (p = 0.46). 

(G) Median event concentration of adenosine transients.  The median event concentration 

of all adenosine significantly decreased after DPCPX (paired t-test, p = 0.016), but the 

concentration of Ad w/O2 was not significantly different (p = 0.093). (H) The median 

event concentration of oxygen transients was not significantly different after DPCPX (p = 

0.086).  
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SCH 442416 (3 mg/kg, i.p.), an A2A receptor antagonist, was administered to 

test the extent to which A2A receptors mediated the oxygen transients. SCH 442416 

significantly decreased the average number of adenosine transients from 132 to 90 (Fig. 

4.8A, paired t- test, n = 7 animals, p = 0.023) and oxygen transients from 49 to 33 (Fig. 

4.8B, paired t-test, n = 7 animals, p = 0.030). In addition, SCH 442416 increased the 

mean inter-event time for adenosine transients from 53 to 77 seconds and for oxygen 

from 129 to 216 seconds. The underlying inter-event time distributions of both 

adenosine and oxygen transients were significantly different than pre-drug (n = 7 

animals, KS test, p = 0.0016 and p = 0.044, respectively) (Fig. 4.8C-D). The average 

cumulative concentration of both adenosine and oxygen transients were lower after 

SCH 442416 administration, but only the maximum cumulative concentrations of 

adenosine transient significantly decreased (paired t-test, n = 7 animals, p = 0.030); 

There is no significant change in maximum cumulative concentrations of oxygen (paired 

t-test, n = 7 animals, p = 0.17). SCH 442416 significantly decreased the median 

adenosine event concentration of all adenosine transients, but not the median 

concentration of Ad w/O2 and oxygen (paired t-test, n = 7, p = 0.041, p = 0.73, and p = 

0.66, respectively). Therefore, blocking A2A receptors did not change the concentration 

of released oxygen, but both adenosine and oxygen were released less frequently. 
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Figure 4.8 Effect of the A2A antagonist, SCH 442416 (3 mg/kg. i.p.), on adenosine 

and oxygen transients. Effect of the A2A antagonist, SCH 442416 (3 mg/kg, i.p), on 

adenosine and oxygen transients. All data and statistics are for n=7 animals. (A) Number 

of adenosine transients decreased after SCH 442416 (n = 7 animals, p = 0.023). (B) 

Number of oxygen transients also decreased after A2A antagonist (p = 0.030). (C) Inter-

event time of all adenosine transients. The interevent time was significantly longer after 

SCH 442416 (KS-test, p = 0.0016). The exponential fit (dashed black line) before SCH 

442416 is y = 1.9e
-0.037x

 (R
2 

= 0.99) and after SCH 442416 (solid red line) is y = 1.4e
-0.029x

 

(R
2
 =0.99). (D) Inter-event time of oxygen. The distributions after SCH 442416 were 

significantly different (KS-test, p = 0.044). The exponential fit before SCH 442416 

(dashed black line) is y = 2.3e
-0.010x

 (R
2
 = 0.99) and after SCH 442416 (solid red line) is y 

= 2.0e
-0.010x

 (R
2
 = 0.99). (E) Cumulative concentration traces for adenosine were 

significantly lower after SCH 442416 (paired t-test, p = 0.030) (F) Cumulative 

concentration for oxygen was not significantly different postdrug (p = 0.17). (G) The 

median concentration of all adenosine transients significantly decreased (paired t-test, p = 

0.041), but the median event concentration of Ad w/O2 was not significantly different (p 

= 0.73). (H) The median event concentration of oxygen transients was also not 

significantly different after SCH 442416 (paired t-test, p = 0.66).   
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Figure 4.9 Effect of the L-NAME (100 mg/kg. i.p.) on adenosine and oxygen 

transients. All data and statistics are for n = 6 animals. (A) Number of adenosine 

transients did not significantly change after L-NAME (paired t-test, p = 0.98). (B) 

Number of oxygen transients did not significantly change after L-NAME (p = 0.75). (C) 

Inter-event time of all adenosine transients. The exponential fit (dashed black line) before 

L-NAME is y = 1.6e
-0.0037x

 (R
2
 = 0.99) and after L-NAME (solid red line) is y = 1.5e

-

0.0033x
 (R

2
 =0.99). There was no significant difference between the underlying 

distributions before and after L-NAME (KS-test, p = 0.50). (D) Inter-event time of 

oxygen. The exponential fit before L-NAME (dashed black line) is y = 3.1e
0.011x 

(R
2
 = 

0.99) and after L-NAME (solid red line) is y = 2.4e
-0.0050x 

(R
2
 = 0.99). The underlying 

distributions before and after L-NAME were not significantly different (KStest, p = 

0.98). (E) Cumulative concentration trances for adenosine, with an inset plotting the 

maximum cumulative concentrations. The cumulative adenosine concentration did not 

change after L-NAME (Student’s paired t-test, p = 0.66). (F)Maximum cumulative 

oxygen concentration did not change after L-NAME (p = 0.32). (G) Median event 

concentration of adenosine transients. The median concentrations of all adenosine and Ad 

w/O2 were not significantly change after L-NAME (and oxygen transients had no 

significant differences between before and after L-NAME (unpaired t-test, p = 0.95 and p 

= 0.84, respectively). (H) The median event concentration of oxygen transients was not 

significantly difference after L-NAME (p =0.32). 
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To test the extent to which the oxygen signals were dependent on nitric oxide 

(NO), nitric oxide (NO) synthase was inhibited using L-NAME(100 mg/kg, i.p).
19,28

 

There were no significant differences between before and after L-NAME in terms of 

number of transients, inter-event time, or concentration of adenosine or oxygen 

transients (Fig. 4.9). These results confirm that NO does not play a role in 

simultaneous adenosine and oxygen release and therefore, this transient vasodilation 

does not rely on NO.  

4.4 Discussion  

Here we demonstrate that spontaneous, transient changes in adenosine and 

oxygen are correlated in the caudate-putamen. Transient changes in oxygen release are an 

indicator of increased blood flow.  Adenosine transients were followed by oxygen release 

about one-third of the time, and the concentration of adenosine and evoked oxygen 

changes are correlated.  Typically, the oxygen release started and peaked about 0.2 

seconds after the adenosine transient. A1 receptors do not have an effect on simultaneous 

adenosine and oxygen release while A2A receptors modulated the number of adenosine 

and oxygen transients.  Thus, spontaneous adenosine release are correlated with oxygen 

release, particularly when the adenosine release is large, suggesting adenosine modulates 

blood flow on a rapid, sub-second time scale.  

4.4.1 Transient adenosine and blood flow changes on a rapid time scale  

Transient release of adenosine has recently been characterized, showing that 

adenosine can signal on a rapid time scale.
22,23,29

 Transient adenosine modulates phasic 

dopamine release, but the modulation only occurs when adenosine is present.
24

 However, 
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the extent to which this rapid mode of adenosine release can transiently mediate 

vasodilation was unknown.  Most previous studies of adenosine mediating blood flow 

correlated changes that lasted for minutes.  For example, cerebral blood flow increased at 

4
th

 minute of intravenous infusion of adenosine.
30

 One of the faster studies of adenosine 

build up found that cerebral adenosine was elevated within 5 seconds after the onset of 

ischemia, and they hypothesized that this rapid rise of adenosine caused vasodilation 

associated with ischemia.
31

  

Our method is unique in that both adenosine and oxygen changes can be 

measured simultaneously with sub-second temporal resolution.  The results clearly 

demonstrate that transient adenosine and oxygen release are temporally correlated.  The 

increase in adenosine always precedes the oxygen increase, with a median delay time 

between the peak adenosine and oxygen concentrations of 0.2 seconds.  The appearance 

and clearance of both adenosine and oxygen are fast, with an average duration of only 3 

seconds.  Other physiological stimuli, such as a tail pinch, cause vasodilation that lasts 

for minutes.
32

 Changes in oxygen due to electrical stimulations have been measured, 

including a first peak that is not mediated by adenosine, which occurs within 3 - 4 

seconds after stimulation, and a second peak mediated by adenosine that occurs 10 - 30 

seconds after the stimulation and lasts for 20 seconds.
19

 Therefore, our data here is the 

fastest reported correlation between adenosine release and shifts in blood flow and the 

duration of the oxygen changes are much shorter than with other stimuli.   

The concentration of spontaneous adenosine and oxygen changes were also 

correlated.  Previous studies also found a correlation between the concentration of 

adenosine and the dilation magnitude of pial artery.
33,34

 While about one-third of 
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adenosine transients were accompanied by changes in oxygen, high concentration 

adenosine transients (over 0.4 μM) were always followed by oxygen release.  Low 

concentrations of adenosine were not always correlated with oxygen release, likely 

because the event did not cause sufficient receptor activation.  However, some smaller 

adenosine transients did cause oxygen release. Our electrodes only measure in one 

discrete location, and it is possible that for some smaller amounts of adenosine, the 

electrode was not at the center of the release, making the event look smaller.  Also, there 

may be differences in global blood flow that would affect local blood flow and 

consequently modulate delivery of oxygen.
35

  

4.4.2 Role of Adenosine Receptors in Mediating Adenosine and Blood Flow Changes   

 The effects of adenosine are mediated by four G-protein coupled receptors, A1, 

A2A, A2B, and A3.
36

 A1 and A2A receptors are highly expressed in the caudate-putamen of 

the brain.
37,38

 A1 receptors mediate the inhibitory modulation of phasic dopamine release 

by transient adenosine in the caudate-putamen.
24

 Both stimulated and spontaneous 

adenosine release are self-regulated by A1 receptors, which have autoreceptor 

characteristics.
22,39

 Here, our study showed that blocking A1 receptors decreased the 

concentration of adenosine transients but did not significantly affect the number of 

transients or inter-event times. In contrast, our previous study found a significant 

decrease in the inter-event time of transient adenosine release but no change in 

concentration after DPCPX.
22

 That study used a different FSCV waveform that did not 

sweep to the low potentials necessary for oxygen reduction.  While the effects were 

slightly different here, they are consistent with A1 receptors being inhibitory and self-

regulating transient adenosine.  The concentration of oxygen did not decrease because the 
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concentration of adenosine that correlated with oxygen did not decrease; i.e. the large 

adenosine transients were still correlated with oxygen release.  The number of oxygen 

transients was the same, indicating that A1 receptors do not mediate vasodilation.  

A2A receptors are highly expressed on cerebral blood vessels,
40–42

 and are located 

on endothelial cells.
43

 In addition, A2A receptors play a protective role in 

hypoxia/ischemia, as A2A antagonists protect against brain damage after hypoxia.
3,44,45

 In 

the brain, the density of A2A receptors in the basal ganglia is about 20 times greater than 

other brain regions.
46,47

 The number of both adenosine and oxygen transients were 

reduced by the A2A antagonist, SCH 442416, while the concentration of adenosine 

transients that correlated with oxygen and oxygen transients stayed the same.  These 

results suggest that A2A antagonist acts remotely through more complex pathways to 

modulate the activity of the neuron that is releasing adenosine. While the link between 

A2A receptors on endothelial cells regulating blood flow had been previously established, 

this work shows that the A2A antagonist can function by lowering the amount of 

adenosine transients and therefore oxygen transients.   

Our results definitely show that adenosine and oxygen transients in the brain are 

correlated, especially for large adenosine transients which are always accompanied by 

oxygen transients.  This leads to the question of whether the adenosine transients cause 

the oxygen changes.  The delay time of 0.2 seconds between the start of the adenosine 

transient and the oxygen transient demonstrates that the adenosine transients come first.  

The distance between blood vessels in the brain is about 50 μm, and diffusion of 

adenosine to a blood vessel, 25 μm at most, would take less than 0.5 seconds.  Thus, the 

time delay is of the correct order of magnitude for adenosine diffusion.  The proposed 
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mechanism of adenosine causing vasodilation and oxygen increases is by acting at A2A 

receptors on endothelial cells, and the expected result that would confirm this is a 

decrease in the number of oxygen transients compared to adenosine transients.   Instead, 

the observed result is that the A2A antagonist causes adenosine and oxygen transients to 

decrease proportionally, a 32% decrease for both.  This proportional decrease is harder to 

interpret; it does not definitively show that the adenosine transients were working at the 

A2A receptor, but it does confirm that the receptor is important for regulating adenosine 

transients and thus oxygen transients.  Therefore, there are two possible explanations for 

the data: (1) adenosine transients cause the oxygen transients or (2) a large metabolic 

event causes the release of both adenosine and other vasodilatory molecules that lead to 

the oxygen increases.  We tested L-NAME to block NO production to test the hypothesis 

that NO might also play a role in these oxygen changes.
19

  No effect was seen, indicating 

that these oxygen changes were not due to inducible nitric oxygen synthase made NO.  

However, there are other sources of NO and other vasodilatory signals such as pH and 

CO2 that have not been ruled out.
19,49,50

  Nevertheless, the bulk of the evidence points 

towards adenosine causing the oxygen changes although the exact mechanism has not 

been delineated.  A more definitive approach in the future would be to try these 

experiments in mice and test the effects of global A2A knock outs or even specific A2A 

KO just on the blood vessels to test causation.    

4.5 Conclusion  

 In conclusion, this study provides evidence that spontaneous, adenosine transients 

are correlated with transient oxygen changes. The subsequent oxygen changes occur 

quickly, usually within about 0.2 seconds, and the clearance is fast, lasting only about 3.5 
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seconds. Our study also shows that A2A receptors regulate this transient vasodilation, by 

modulating the number of adenosine transients that are correlated with oxygen transients.  

Because adenosine is rapidly metabolized,
51

 adenosine release is likely local rather than 

systemic and could transiently affect local blood flow.
23

 Future research will focus on 

whether transient adenosine causes local vasodilation and increases oxygen release.  
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Abstract 

Adenosine is an endogenous neuroprotectant that modulates vasodilation in the 

central nervous system. Oxygen changes occur when there is an increase in local cerebral 

blood flow and thus are a measure of vasodilation. Oxygen transients correlated with 

rapid adenosine release have been recently discovered, but the relationship between 

adenosine and blood flow change during ischemia/reperfusion (I/R) injury has not been 

characterized. Caffeine is a nonselective adenosine receptor antagonist that can modulate 

the effects of adenosine in the brain, but how it affects adenosine and correlated oxygen 

levels during I/R is also unknown.  In this study, extracellular changes in adenosine and 

oxygen were simultaneously monitored using fast-scan cyclic voltammetry during a mild 

ischemic event, bilateral common carotid artery occlusion (BCCAO), and the effects of a 

specific A2A antagonist, SCH 442416, or general antagonist, caffeine, were studied.  

Measurements were made in the caudate-putamen for one hour of normoxia, followed by 

30 min of BCCAO and 30 min of reperfusion.  The frequency and number of both 

adenosine and oxygen transient events significantly increased during I/R injury. The 

specific A2A antagonist, SCH 442416 (3 mg/kg, i.p.), eliminated the increase in adenosine 

and oxygen transients caused by I/R injury. The general adenosine receptor antagonist, 

caffeine (100 mg/kg, i.p.), decreased the frequency of adenosine and oxygen transient 

events during I/R injury. These results demonstrate that during BCCAO, there are more 

rapid release events of the neuromodulator adenosine and correlated local oxygen 

changes, and these rapid, local effects are dampened by caffeine and other A2A 

antagonists.    
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5.1 Introduction 

Ischemic brain injury is one of the leading causes of death and disability.
1
 It 

occurs when cerebral blood flow is reduced, either transiently or permanently, which 

causes decreased delivery of oxygen and nutrients to the brain. Reestablishment of blood 

flow will deliver nutrients, but this reperfusion process also generates oxygen-derived 

free radicals that can actually increase ischemic tissue damage.
2
 The brain is particularly 

sensitive to ischemia as complete blockade of blood flow to the brain for only 5 minutes 

can cause the death of vulnerable neurons.
3
  

Adenosine is a major neuromodulator with neuroprotective properties in the 

central nervous system that plays an important role during ischemic injury. Adenosine 

has a cerebral vasodilatory effect,
4–6

 causing increased blood flow and oxygen supply. 

Adenosine levels in plasma acutely rise during transient ischemic attack and stroke in 

human.
7
 In the rat brain, intracerebral infusion of adenosine into the ischemic striatum 

using microdialysis significantly improves the neurological outcome and reduces the 

infarct volume after transient focal cerebral ischemia.
8
 The protective effects are 

attributed to the activation of A2A receptors, and systematic administration of adenosine 

A2A agonist, CGS 21680, protects against neuronal loss during ischemia.
9
 Our lab has 

recently identified transient increases in adenosine,
10

 which increase in frequency during 

mild ischemia
11

. These adenosine transients are correlated with transient oxygen 

changes,
12

 a measure of local blood flow, and the time-course of both adenosine and 

oxygen transients are fast, lasting only about 3 seconds.  A2A receptors mediate oxygen 

release; thus, transient adenosine likely causes local vasodilation and increases oxygen 
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release. However, the extent to which adenosine can cause oxygen changes during 

ischemia, when blood flow is occluded, is unknown.   

Caffeine is a nonselective adenosine receptor antagonist that can act at A2A 

receptors to affect cerebral blood flow. For example, a high dose of caffeine (50 μM) 

significantly attenuates the dose-dependent vasodilation caused by extraluminal 

application of adenosine.
13

 Magnetic resonance imaging (MRI) studies show that caffeine 

consumption (184 mg daily) globally reduces cerebral blood flow in humans.
14

 Field et 

al. suggest a linear correlation between daily caffeine intake and cerebral blood flow 

response.
15

 Caffeine also reduces the intensity and duration of the cerebral hyperemia 

during anoxia.
16

 In addition, caffeine regulates adenosine levels as it increases plasma 

adenosine in a dose dependent manner.
17

 However, the effect of caffeine on transient 

adenosine release has not been studied and there are still many open questions about how 

caffeine regulates adenosine and blood flow changes.  These questions are important to 

address so that we understand how caffeine might modulate potential neuroprotective 

effects of adenosine during I/R.   

Here, we investigated the extent to which adenosine transients are correlated with 

oxygen transients during cerebral ischemia/reperfusion (I/R) injury in vivo and the effect 

of an A2A antagonist or caffeine on transient adenosine and oxygen changes. Fast-scan 

cyclic voltammetry at carbon-fiber microelectrodes was used to simultaneously detect 

extracellular changes in adenosine and oxygen during normoxia or mild ischemic injury 

with bilateral common carotid artery occlusion (BCCAO). The frequency of spontaneous 

adenosine transients increased during I/R injury and that increase was accompanied by an 

increase in the frequency of oxygen transients. A large dose of the adenosine A2A 



Wang | 113 

 

 

antagonist, SCH 442416, eliminated the increase in adenosine and oxygen transients 

during I/R injury while a large dose of caffeine significantly decreased the frequency of 

adenosine and oxygen transients during I/R. This study shows that even when major 

arteries are occluded, adenosine can act to transiently increase local blood flow during 

ischemia and that large doses of caffeine can dampen that effect. Thus, caffeine may 

hinder the neuroprotective effects of adenosine during I/R, particularly by limiting 

transient adenosine release, which signals for increase in local blood flow. 

5.2 Materials and Methods 

5.2.1 Animals Care 

Male Sprague-Dawley rats (250-350 g; Charles River, Wilmington, MA, USA) 

were pair-housed on a 12:12 light-dark cycle and were given food and water ad libitum. 

All experiments were performed in accordance with the Institutional Animal Care and 

Use Committee guidelines of the University of Virginia. 

Rats were initially anesthetized with isoflurane (1 mL/100g rat weight) in a 

desiccator and then injected with urethane (1.0 g/kg, i.p.). Additional doses of urethane 

(< 3/10 of the induction dose) were administered as necessary in order to maintain deep 

anesthesia. The surgical site was shaved and a ventral midline incision was made to 

expose the common carotid arteries; the right and left common carotid arteries were 

isolated. Vascular occluder cuffs (DOCXS, Ukiah, CA, USA) were wrapped around the 

exposed common carotid arteries and secured in place using suture material passed 

through the eyelets. Liquid was injected into the actuating tube by a syringe to inflate 

the diaphragm and compress the vessel into full occlusion to induce ischemia.  
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For adenosine and oxygen measurement, rats were placed in a stereotaxic frame 

(David Kopf instruments, Tujunga, CA, USA). Bupivacaine (0.25 mL) (Sensorcaine
® 

MPF; APP Pharmaceuticals, LLC, Schaumburg, IL, USA) was administered under the 

skin for local anesthesia. The surgical site was shaved and holes were drilled above the 

caudate-putamen and the electrode was placed (AP +1.2 mm, ML +2.0 mm and DV -

4.5 mm) based on the atlas of Paxinos and Watson.
18

 A Ag/AgCl reference electrode 

was inserted on the contralateral side of brain. The body temperature of the rat was 

maintained at 37 °C using an isothermal pad and a rectal probe (FHC, Bowdoin, ME, 

USA). 

For blood flow measurement, cerebral blood flow was monitored by laser 

Doppler flow meter with a 1.5 mm diameter probe (Model DRT4, Moor Instruments, 

Delaware, DE, USA). Rat was placed in a stereotaxic frame, anesthetized, and holes 

drilled in similar places as for the electrochemical experiments.  The Doppler probe was 

placed over the hole in the skull and blood flow measured every 5 minutes under 

normoxia and I/R, and with pharmacological agents. 

5.2.2 Chemicals and Drugs 

Phosphate-buffered saline (PBS) solution (all components in mM: 3.0 KCl, 10.0 

NaH2PO4, 2.0 Na2SO4, 1.2 MgCl2, 131. 25 NaCl and 1.2 CaCl2, with pH adjust to 7.4 

using concentrated HCl or NaOH were purchased from Fisher Scientific (Fair Lawn, 

NJ, USA)) was used for electrode calibration. A 10.0 mM stock solution of adenosine 

(Fisher Scientific, Fair Lawn, NJ, USA) was prepared in 0.1 M HClO4 once a month 

and stored at 4
o
C. A 1.0 μM adenosine solution for electrode calibration was prepared 

daily in PBS buffer. All drugs were administered intraperitoneally (i.p.). Caffeine (100 
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mg/kg, Sigma Aldrich, St. Louis, MO, USA) was dissolved in 1 mL warm saline. SCH 

442416 (3 mg/kg; Tocirs, Bristol, UK) was dissolved in 300 μL dimethyl sulfoxide 

(DMSO; Amresco, Solon, OH, USA). Doses were selected based on previous 

experiments in the literature.
12,19

 

5.2.3 Voltammetric Adenosine and Oxygen Measurements  

For adenosine and oxygen measurement, electrodes were implanted and 

equilibrated for 1 hour with the applied waveform prior to data collection. Data were 

excluded if fewer than 20 transients were observed in the initial 1 hour of equilibration 

and a new electrode was inserted. After equilibration, one hour of normoxia data were 

collected, BCCAO was induced for 30 min by inflating the occluders, and then 30 min 

of reperfusion data were collected after the occulders were deflated.  For pharmacology 

experiments, the drug was injected directly before BCCAO was induced.   

Electrodes were calibrated with 1.0 μM adenosine solution. To calibrate oxygen 

concentration, various mixtures of nitrogen- and air-saturated PBS buffer with volume 

ratios of 1:0, 2:1, 5:1, 10:1 and 15:1 were prepared and oxygen concentration measured 

using a D.O. 6+ dissolved oxygen meter (Eutech Instruments Pte Ltd., Singapore).  The 

microelectrode response was calibrated by running the flow cell analysis of different 

concentrations, with nitrogen-saturated PBS buffer as the comparison for background 

subtraction.  This calibration curve was used to calculate oxygen concentration in vivo.  

Principal component regression (PCR) analysis was used to identify adenosine 

and oxygen transients. A training set was obtained for each animal using the five largest 

and most definitive adenosine transients with clear secondary peaks in vivo.
10

 For 
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oxygen, a training set was compiled from the five different concentrations of oxygen 

that were measured in vitro.
12

  

5.2.4 Statistical Analysis 

All statistics were performed in GraphPad Prism 6 (GraphPad Software Inc., 

San Diego, CA). All data were presented as mean ± SEM. The distributions of inter-

event times of adenosine and oxygen transients were analyzed using a Kolmogorov-

Smirnov (KS) test. For inter-event time graphs, a few data points with long times were 

not shown in order highlight the changes at lower inter-event times. However, all data 

for inter-event times were used for statistical analyses.  Averages were analyzed with 

two-way ANOVA, one-way ANOVA, or paired t-tests, depending on the number of 

variables in the data sets.  p values < 0.05 were considered significant.  

5.3 Results  

5.3.1 Adenosine and Oxygen Detection with Fast-scan Cyclic Voltammetry in vivo 

Fast-scan cyclic voltammetry at a carbon-fiber microelectrode was used to 

monitor rapid fluctuations of adenosine and oxygen in the caudate-putamen of 

anesthetized rats in vivo.
12

 The carbon-fiber microelectrode was ramped from 0 V to 1.45 

V, then to -1.4 V and back to 0 V every 100 ms at a scan rate of 450 V/s. Concentration 

vs time traces were extracted from the primary oxidation potential for adenosine and 

reduction potential for oxygen (Fig. 5.1A) in the color plot (Fig. 5.1B). The green/purple 

ovals in the color plot are adenosine oxidation currents; the top oval is the primary  
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Figure 5.1 Spontaneous adenosine and oxygen release in the caudate-putamen. (A) 

Concentration vs time traces of adenosine (bottom) and oxygen (top) transients. (B) Color 

plot of adenosine and oxygen transients in vivo. One oxygen and three adenosine release 

events are starred, where one adenosine event is correlated with an oxygen release event. 

Adenosine oxidations are the green/purple in the middle of the plot while reduction of 

oxygen is dark blue at the top. (C) Microelectrode recording locations (red dots) in the 

caudate putamen. Drawing from the stereotaxic atlas of Paxinos and Watson.
18

  

 

oxidation and the peak oxidation occurs at 1.27 V on the cathodic scan. The bottom oval 

directly below is the secondary oxidation of adenosine and peak oxidation occurs at 1.26 

V on the anodic scan. The dark blue area around -1.3 V is the reduction of oxygen. Three 

spontaneous adenosine events and one oxygen release event are identified and marked by 
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a star. Only some adenosine transients are correlated with an oxygen transient and both 

adenosine and oxygen transients are fast, lasting about 3 seconds in the extracellular 

space. Figure 5.1C shows the placement of electrodes in the caudate-putamen. 

5.3.2 Adenosine and oxygen release are correlated during ischemia/reperfusion 

injury  

To investigate simultaneous adenosine and oxygen release during ischemia and 

reperfusion, bilateral common carotid artery occlusion (BCCAO) was performed to 

induce cerebral ischemia/reperfusion (I/R) in anesthetized rats. To confirm that BCCAO 

and reperfusion were successful in the caudate-putamen, blood flow was measured by a 

laser Doppler probe during normoxia and I/R. BCCAO resulted in immediate cerebral 

blood flow reduction of about 50% (Fig. 5.2A). Releasing the occluders to allow 

reperfusion led to an increase in blood flow, but the blood flow levels did not return to 

normal levels (Fig. 5.2A). The blood flow measurements for normoxia and BCCAO were 

significantly different (Fig. 5.2E, paired t-test, n = 3 animals, p = 0.027). 

Spontaneous adenosine and oxygen events were continuously monitored for 1 hr 

normoxia followed by 30 minutes of BCCAO and 30 minutes of reperfusion. Example 

data show the difference between normoxia (Fig. 5.3A) and ischemia (Fig. 5.3B). During 

normoxia, three adenosine transients were observed during a 100 s window, one of which 

was followed by an oxygen transient, indicating local blood flow was transiently 

increased. 
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Figure 5.2 Cerebral blood flow changes in rat brain. Each color line represents 

averaged blood flow for one animal (% baseline). (A) Blood flow change during 

normoxia and I/R. Blood flow decreased during BCCAO and was partilly restored, but 

not to baseline, during reperfusion. (B) Blood flow change during I/R with SCH 442416 

(3 mg/kg) administration is similar to plot without drug. (C) Blood flow change during 

I/R with caffeine (100 mg/kg) administration is similar to that without caffeine.  (D) 

Caffeine control.  Blood flow was measured before and after caffeine (100 mg/kg) during 

normoxia. Blood flow did not change. (E) Average changes in blood flow. Blood flow 

significantly decreased during 30 min of ischemia relative to normoxia (I) (p = 0.027), 

SCH+ ischemia (p = 0.034) and caffeine + ischemia (p = 0.023) groups compared to 30 

min of normoxia (Norm). Caffeine administration itself did not affect blood flow under 

normoxia (p = 0.94). All paired t-test, values are mean ± SEM for n = 3 animals. 

 

However, during ischemia, five adenosine transients were observed in the same 

time frame, two of which had corresponding oxygen transients. The number of transients 

was measured continuously and averaged in 6 min bins for each animal to understand the 

effects over time (Fig. 5.3C-D). A two-way ANOVA (time x I/R) revealed no main effect 
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of time on the number of adenosine and oxygen release events [adenosine: F(9, 54) = 0.96, 

p = 0.48 and oxygen: F(9, 54) = 1.19, p = 0.32], but a main effect of I/R injury [adenosine: 

F(1, 6) = 17.24, p = 0.01 and oxygen: F(1, 6) = 11.54, p = 0.01]. There was no interaction 

between time and I/R injury [adenosine: F(9, 54) = 0.82, p = 0.60 and oxygen: F(9, 54) = 

0.76, p = 0.65]. The average number of transients per hour significantly increased for 

both adenosine and oxygen during I/R injury compared to normoxia (Fig. 5.3C, D inset, 

paired t-test, n = 7 animals, adenosine: p = 0.0066 and oxygen: p = 0.022). To examine 

the frequency, the time interval between consecutive transients, termed the inter-event 

time, was plotted as a histogram. I/R decreased the mean inter-event time for adenosine 

transients from 77 to 48 s and for oxygen from 177 to 96 s. The distributions of inter-

event times were significantly different for normoxia and I/R for both adenosine and 

oxygen transients (Fig. 5.3E-F, KS test, n = 7 animals, adenosine: p < 0.0001 and 

oxygen: p < 0.0001).  

The average event concentration, which was calculated by averaging the mean 

concentration from each animal, is plotted in Figures 5.3G-H for all adenosine events 

(All ADO), adenosine transients correlated with an oxygen transient (ADO w/O2), and 

oxygen concentrations. I/R injury did not significantly change the concentration of 

transients (paired t-test, n = 7 animals, All ADO: p =0.62, ADO w/O2: p = 0.42 and 

oxygen: p = 0.92). Thus, I/R injury did not affect the concentration of spontaneously 

released adenosine and oxygen but both adenosine and oxygen were released more 

frequently during I/R injury, even when blood flow was decreased during ischemia. 
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Figure 5.3 Spontaneous adenosine and oxygen release in the caudate-putamen 

during I/R injury. (n = 7 animals) (A) Example adenosine and oxygen release events 

during normoxia. Three adenosine and one oxygen transients (starred) were observed. (B) 

Example adenosine and oxygen release during ischemia, where five adenosine and two 

oxygen transients were observed. (C) Number of adenosine transients, in 6 min bins, 

during normoxia and I/R injury. Inset: Average number of adenosine transients increases 

during I/R (paired t-test, p = 0.0066 <0.01).  (D) Number of oxygen transients in 6 min 

bins. Inset: Oxygen events increased during I/R injury (paired t-test, p = 0.022 < 0.01).  

(E) Inter-event time histogram for adenosine. Underlying distributions were significantly 

different between normoxia and I/R injury (KS test, p < 0.0001). (F) Oxygen inter-event 

time distributions were significantly different for I/R injury (KS test, p < 0.0001).  (G) 

Mean event concentration of adenosine transients was not different during I/R injury for 

all adenosine transients or adenosine transients with oxygen release (ADOw/O2)(paired t-

test, p = 0.62 and p = 0.42, respectively). (H) The mean concentration of each oxygen 

transient was not significantly different during I/R injury (paired t-test, p = 0.92).  
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5.3.3 A2A receptor modulation of adenosine and oxygen release during 

ischemia/reperfusion injury 

To evaluate the effects of A2A receptors on rapid adenosine and oxygen dynamics 

during I/R injury, we tested a specific A2A receptor antagonist, SCH 442416 (SCH) (3 

mg/kg, i.p.). The drug was administered right before I/R, after 1 hour of normoxia. Blood 

flow was measured to investigate if SCH 442416 affects cerebral blood flow under I/R 

(Fig. 5.2B), but the pattern of blood flow with SCH 442416 was similar to that of I/R 

without drug administration. The blood flow measurement during normoxia and after 

BCCAO + SCH 442416 administration were significantly different (Fig. 5.2E, paired t-

test, n = 3 animals, p = 0.034), just like I/R. Thus, administration of the A2A antagonist, 

SCH 442416, did not affect global cerebral blood flow during I/R.  

Figures 5.4A-B show the average number of adenosine and oxygen transients in 

6-minute bins. A two-way ANOVA (time x I/R with SCH treatment) revealed no main 

effect of time on number of adenosine transients compared to normoxia [F(9, 45) = 0.73, p 

= 0.68] nor effect of SCH + I/R [F(1, 5) =0.22, p =0.66]. However, there was a main effect 

of SCH + I/R on number of oxygen transients [F(1, 5) =1.87, p = 0.023] but no main effect 

of time [F(9, 45) = 0.67, p = 0.73].  There was no interaction between time and SCH + I/R 

for either number of adenosine or oxygen transients [adenosine: F(9, 45) = 0.79, p = 0.63 

and oxygen: F(9, 45) = 0.98, p = 0.47]. The average number of adenosine transients did not 

significantly change after SCH + I/R (Fig. 5.4A inset, paired t-test, n = 6 animals, p = 

0.64) and the number of oxygen transients also did not significantly increase (Fig. 5.4B 

inset, paired t-test, n = 6 animals, p = 0.24). The mean inter-event time decreased slightly 

from 48 to 44 s for adenosine and 135 to 103 s for oxygen, but there was no significant 
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Figure 5.4 Effect of the A2A antagonist, SCH 442416 (3 mg/kg, i.p.), on adenosine and 

oxygen release during I/R injury. (A) Number of adenosine transient release traces 

during every 6 min during normoxia and I/R injury. Inset: No change in number of 

adenosine transients between normoxia and I/R injury (paired t-test, n = 6 animals, p = 

0.64).  (B) Number of oxygen transients in 6 min. bins. Inset: Number of oxygen release 

events did not change during I/R (paired t-test, n = 6 animals, p = 0.24). (C) For 

adenosine, there are no differences in inter-event times between normoxia and I/R injury 

(KS test, n = 6 animals, p = 0.63). (D) For oxygen, there were no changes in inter-event 

times during I/R (KS test, n = 6 animals, p = 0.46). (E) Mean event concentration of all 

adenosine (ADO) and ADO w/O2 were not significantly different during I/R injury 

(paired t-test, n = 6 animals, p = 0.55 and p = 0.63, respectively). (F) The mean event 

concentration of oxygen was not significantly different during I/R injury (paired t-test, n = 

6 animals, p = 0.96). 

 



Wang | 124 

 

 

change in frequency distributions for either adenosine or oxygen transients with SCH 

under I/R (Fig. 5.4C and 4D, KS test, n = 6 animals, adenosine: p = 0.63 and oxygen: p = 

0.46).  In addition, the concentration of all ADO, ADO w/O2 and oxygen transients did 

not differ (Fig. 5.4E-F, paired t-test, n = 6 animals, All ADO: p = 0.55, ADO w/O2: p = 

0.63 and oxygen: p = 0.96). Therefore, with the A2A antagonist SCH 442416, the number 

of adenosine and oxygen transients no longer increases during I/R injury. 

5.3.4 Caffeine modulation of adenosine and oxygen release during 

ischemia/reperfusion injury 

Caffeine has been proposed as a treatment to reduce the risk of stroke and is a 

nonselective antagonist of adenosine receptors.
20,21

 Previous studies suggested that low 

doses of caffeine are stimulatory but high doses are inhibitory on neuronal activity.
22

 We 

employed a large dose of caffeine (100 mg/kg, i.p.) to understand how it affects transient 

adenosine release during I/R. Blood flow during normoxia was compared to I/R with 

caffeine administration (Fig. 5.2C, n = 3 animals). Blood flow changes during I/R with 

caffeine treatment were similar to those during I/R without drug administration (Fig. 

5.2E, paired t-test, n = 3 animals, p = 0.023).  We also tested the same dose of caffeine 

(100 mg/kg i.p.) during normoxia and caffeine did not affect global blood flow (Fig. 

5.2D, paired t-test, n = 3 animals, p = 0.94). Thus, administration of caffeine did not 

affect global blood flow during normoxia or I/R. 

Figure 5.5A shows example data for normoxia and after caffeine during ischemia, 

where the number of adenosine transients decreases. There are 4 adenosine transients 

during normoxia, two of which are correlated with oxygen release (Fig. 5.5A), while 

during ischemia with caffeine, there are only two adenosine and one oxygen transient 
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(Fig. 5.5B). The number of transients for both adenosine and oxygen decreased during 

I/R injury following caffeine injection (Fig. 5.5C-D). A two-way ANOVA (time x I/R 

with caffeine treatment) revealed a significant effect of time for number of adenosine and 

oxygen transients [adenosine: F(9, 45) = 3.93, p = 0.001 and oxygen: F(9, 45) = 2.61, p 

=0.02] and a main effect on caffeine + I/R injury [adenosine: F(1, 5) =12.04, p = 0.02 and 

oxygen: F(1, 5) = 20.24, p = 0.01]. There was no interaction between time and caffeine + 

I/R [adenosine: F(9, 45) = 1.52, p = 0.17 and oxygen: F(9, 45) = 1.34, p = 0.24]. The number 

of both adenosine and oxygen transients significantly decreased compared to normoxia 

(Fig. 5.5C-D insets, paired t-test, n = 6 animals, adenosine: p = 0.022 and oxygen: p = 

0.0069). In addition, caffeine increased the mean inter-event time for adenosine transients 

from 34 to 63 s and for oxygen from 83 to 177 s during I/R and the underlying inter-event 

time distributions were significantly different than normoxia (Fig. 5.5E-F, KS test, n = 6 

animals, adenosine: p < 0.0001 and oxygen: p < 0.0001). However, caffeine + I/R did not 

affect the concentration of either adenosine or oxygen (Fig. 5.5G-H, paired t-test, n = 6 

animals, All ADO: p = 0.75, ADO w/O2: p = 0.56 and oxygen: p = 0.96). Therefore, 

while caffeine treatment did not affect global blood flow, it markedly reduced the 

frequency of transient adenosine and oxygen release during I/R. 
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Figure 5.5 Effect of caffeine (100 mg/kg, i.p.) on adenosine and oxygen release during 

I/R injury. (n = 6 animals) (A) Example adenosine and oxygen release during normoxia, 

where four adenosine and two oxygen transients (starred) were observed.  (B) Example 

adenosine and oxygen release during I/R injury with caffeine treatment, where two 

adenosine and one oxygen transients were observed. (C) Number of adenosine transient 

release traces during every 6 min during normoxia and I/R injury. Inset: Average number 

of adenosine release events decreased during caffeine+I/R (paired t-test, p = 0.022). (D) 

Number of oxygen events in 6 min bins. Inset: Average number of oxygen release events 

decreased during caffeine+ I/R injury (paired t-test, p = <0.01).  (E) For adenosine, 

underlying distributions of inter-event times were significantly different between 

normoxia and caffeine + I/R injury (KS test, p < 0.0001). (F) For oxygen, the distributions 

of inter-event times were significantly different for caffeine+I/R (KS test, p < 0.0001).  

(G) Average event concentration of adenosine transients was not significantly different 

(paired t-test, all ADO: p = 0.75 and ADO w/O2: p =0.56). (H) Average oxygen transients 

concentration was not significantly different (paired t-test, p = 0.96). 



Wang | 127 

 

 

5.4 Discussion 

In this study, we demonstrate that transient adenosine release is correlated with 

transient oxygen increase, and that there are more transient adenosine and oxygen events 

during BCAAO and reperfusion, periods of reduced global blood flow. Thus, adenosine 

can act as a signal to transiently increase local blood flow even when some major arteries 

are blocked, as happens during BCCAO. The increases in oxygen and adenosine 

transients during I/R are mediated by A2A receptors. The specific A2A receptor antagonist, 

SCH 442416, blocks the increase in the number of adenosine and oxygen transients 

detected with I/R, while a high dose of caffeine actually decreases the number of 

adenosine and oxygen transients during I/R. Thus, adenosine is a rapid signal that 

transiently increases local blood flow, especially during I/R injury, and caffeine dampens 

that rapid neuromodulatory response of adenosine.    

5.4.1 Adenosine and oxygen release are correlated during I/R 

We performed ischemia with a BCCAO model in this study, which blocks the 

common carotid arties of the rat bilaterally and causes cerebral hypoperfusion.  BCCAO 

and subsequent reperfusion causes significant microvascular alterations in rat,
23,24

 and our 

previous study showed 30 minutes of BCCAO caused shrinkage in the cell nucleus and 

swollen mitochondria structure, but not cell death
11

. As both the carotid and vertebral 

arteries of rat provide the blood supply to the brain, blocking the carotid arties does not 

completely occlude blood flow to the brain;
25–29

 therefore, this is a mild ischemic insult. 

BCCAO is also used to model ischemic preconditioning, where a small stroke can induce 

brain tolerance to larger ischemic injury.
30

 Other models of stroke could be used in the 

future to provide global ischemia, either 4-vessel occlusion, with occlusion of the 
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vertebral and carotid arteries,
31

 or BCCAO with hypotension, where the mean arterial 

blood pressure is reduced below 50 mmHg.
32,33

 However, BCCAO is a good model of a 

partial, transient ischemic attack.
26

  

During BCCAO and early reperfusion, adenosine and oxygen transients were still 

correlated and oxygen transients occurred more frequently during ischemia and 

reperfusion compared to normoxia. Thus, even when major arteries were occluded, local 

oxygen can still increase, which is a sign of greater local blood flow.  The likely cause of 

the transient increases in oxygen is capillaries dilating to provide local increases in blood 

flow. Capillary dilation produces 84% of the blood flow increase in response to neural 

activity,
34

 which is generated by a relaxation of pericytes.  Pericytes constrict capillaries 

and often die during ischemia,
35

 which explains why blood flow was not completely 

restored during reperfusion (Fig. 5.2A-C).   

The number of adenosine transients increased similarly during both ischemia and 

reperfusion compared to normoxia (Fig. 5.3A). During normoxia, 43% of adenosine 

transients are correlated with an oxygen release event and during I/R, 49% of adenosine 

transients were followed by oxygen transients, but this increase is not significant (Fig. 

5.6, paired t-test, n = 7 animals, p = 0.34). The similar percentage of adenosine transients 

causing oxygen is likely because the concentration of each adenosine event did not 

change during I/R, and a high concentration of adenosine is most correlated with an 

oxygen release event.
12

 Therefore, the increase in local blood flow during I/R was 

primarily caused by an increase in adenosine transient frequency, and more adenosine 

and oxygen events occurred. These results demonstrate that adenosine could be a stress 

signal that causes local blood flow and oxygen increases to help mitigate against I/R 
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injury. The duration of adenosine and oxygen transients was only last about 3 s, so 

adenosine promotes transient, local vasodilation even when global blood flow is reduced. 

 
Figure 5.6 Percent of transient adenosine events that correlate with an oxygen event. 
Each animal was used as its own control to compare percentage of correlated adenosine 

and oxygen release events during normoxia and I/R with/without drug treatment. The 

percent of transient adenosine events that correlates with an oxygen release event did not 

significantly change under I/R injury (Paired t-test, n = 7 animals, p = 0.34) and I/R 

injury with SCH 442416 administration (Paired t-test, n = 6 animals, p = 0.059). 

However, the percent of adenosine events that correlates with an oxygen release 

significantly decreased under I/R injury with caffeine administration (Paired t-test, n = 6 

animals, p = 0.043). 

 

5.4.2 A2A receptors diminish adenosine and oxygen release events during I/R 

Extracellular adenosine plays an important role during cerebral ischemia, and 

drugs that target the adenosine system have been proposed as stroke treatments.
36

 A2A 

antagonists are neuroprotective during stroke, although their effects can vary by dose, 

with lower doses sometimes being more effective.
37,38

 However, the high dose of SCH 

442416 administered here is protective against cell swelling and death.
11

 A2A receptors 

are highly expressed in the cerebral vasculature
39–41

 and are located on endothelial as well 

as smooth muscle cells.
42

 Adenosine regulates vasodilation through A2A receptors, which 

are coupled to excitatory G proteins.
43,44

 Treatment with an A2A antagonist, ZM-241385, 
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reduces the vasodilation caused by neuronal activation
45

 and A2A receptor knockout mice 

have a significantly reduced capacity for vasodilation of cerebral blood vessels during 

short periods of hypotension.
45

 The objective of this study was to determine whether an 

A2A antagonist affects adenosine release for oxygen increases and our hypothesis was that 

there would be fewer oxygen transients after an A2A antagonist.   

While I/R injury increased the number of adenosine and oxygen release events in 

controls, that increase was not observed when the A2A antagonist SCH 442416 was 

administered. These results are also similar to our previous finding on non-ischemic rats, 

where blocking A2A receptors with SCH 442416 decreased the number of both adenosine 

and oxygen transients but did not change the concentration.
12

 There was not a significant 

change in the percentage of adenosine events with a subsequent oxygen transient under 

I/R + SCH (Fig. 5.6, paired t-test, n = 6 animals, p = 0.059). Thus, the main driver for the 

lower number of oxygen transients with the A2A antagonist is that there are fewer 

adenosine transients to cause them. However, oxygen transients were not completely 

eliminated by the A2A antagonist, and thus there may also be other molecules co-released 

that stimulate endothelial second messengers systems, such as prostaglandins or nitric 

oxide.
46

 Future studies could clarify the role of A2A receptors on adenosine-induced 

transient blood flow change by using A2A knockout mice. Even though blockage of A2A 

receptors by SCH 442416 did not suppress global cerebral blood flow (i.e Fig. 5.2), it 

reduced the extent of local, transient vasodilation. Therefore, the A2A antagonist 

suppressed the release of rapid adenosine and the subsequent oxygen transients so there 

was not as much delivery of local blood oxygen to the brain.  
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5.4.3 Caffeine diminishes adenosine and oxygen release events during I/R 

Caffeine is a nonselective adenosine receptor antagonist that can reduce the 

physical, cellular, and molecular damage caused by a stroke.
21

 Vasoconstrictive effects of 

caffeine were investigated,
47,48

 and dietary caffeine with a mean dose of 250 mg 

decreased 30% cerebral blood flow in humans.
49

 Another study demonstrated that high 

caffeine users (950 mg/day) had less cerebral blood flow than the low (45 mg/day) or 

moderate users (405 mg/day).
50

 In rats, caffeine produces a dose-dependent reduction in 

cerebral blood flow during neuronal activation
51

 and attenuates exogenous adenosine-

induced vasodilation during somatosensory stimulation.
13

 Previous experiments suggest 

that various caffeine dosages could either increase or attenuate ischemia induced brain 

damage depending on the treatment paradigm.
52,53

 Here, we examined the effects of 

caffeine on local blood flow changes caused by transient adenosine release during I/R.   

A large dose of caffeine 100 mg/kg (i.p.) before I/R injury significantly reduced 

the number and frequency of adenosine and oxygen transients. In addition, the percentage 

of adenosine transients that were followed by an oxygen transient significantly decreased 

during caffeine + I/R (Fig. 5.6, paired t-test, n = 6 animals, p = 0.043). The average 

spontaneous adenosine transient concentration was a couple hundred nM,
54

 which was 

sufficient to activate high affinity A1 (approximately 70 nM) and A2A receptors (150 nM) 

receptors, but not A2B (5100 nM) and A3 receptors (6500 nM).
55,56

 The potency of 

caffeine for adenosine receptors is similar (A1, KD = 20 μM and A2A, KD = 8.1 μM)
57

 and 

we used a high dose that would bind to both receptors. However, the data are in line with 

caffeine acting primarily to block the excitatory A2A receptors, and it had even more of an 

effect of blocking adenosine transients than the A2A antagonist. The blood flow data 
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indicate that global blood flow is still attenuated during I/R with a large dose of caffeine, 

but the decrease in local adenosine and oxygen transients indicate that this caffeine dose 

is likely not locally neuroprotective and could exacerbate the effects of ischemia. Future 

work is needed to link the transient changes in adenosine and blood flow to ischemic 

damage, but a high dose of caffeine depresses the local increase in oxygen normally 

observed during I/R.   

5.5 Conclusions 

Our results demonstrate that adenosine transiently signals for more oxygen release 

and that this effect is more pronounced during I/R injury because of an increase in the 

number of transient adenosine events. The specific A2A antagonist SCH 442416 and non-

selective antagonist caffeine decrease the amount of adenosine and oxygen transients 

during I/R.  This rapid mode of adenosine release likely functions as a local 

neuromodulator, which produces a local, rapid increase in blood flow in response to I/R 

injury, and this local mode of blood flow is decreased with caffeine, despite the fact that 

global blood flow is unaffected. Therefore, correlated adenosine and oxygen transients 

may play an important role during ischemic preconditioning. During mild stroke, our 

work indicates that adenosine continues to cause transient, local oxygen increases and 

that this release is dampened by an A2A antagonist or caffeine.  Future studies of more 

severe stroke will reveal if adenosine could still signal for more blood flow when more 

arteries are blocked or blood pressure is low, and how local actions of adenosine 

contribute to its neuroprotective effects.  
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Chapter 6 Conclusions and Future Directions 

Rapid adenosine signaling detection in the brain using FSCV at an implanted 

carbon- fiber microelectrode allows a better understanding of the dynamics of adenosine 

signaling and neuromodulation in real time. In this thesis, I examined the mechanism of 

formation and modulation by receptors as well as function of rapid adenosine signaling. 

In the last chapter, I will briefly summarize the main achievements of my work and 

outline possible directions for future research. 

6.1 Rapid adenosine signaling in the brain  

Two modes of rapid adenosine signaling have been discovered in the rat brain 

using FSCV: (1) spontaneous release, without stimulation and (2) mechanically-

stimulated release. Even though the mechanisms of rapid adenosine release have been 

previous studied, there are still many gaps in our understanding on the mechanisms of 

adenosine formation that need to be filled. Spontaneous and mechanically-stimulated 

adenosine release in mice were characterized for the first time in Chapter 2. The 

frequency of spontaneous adenosine and concentration of mechanically-stimulated 

adenosine varied by region. The average concentration of spontaneous adenosine events 

was sufficient to activate A1 and A2A receptors while the average concentration of 

mechanically-stimulated adenosine was 10-fold higher and was able to activate all 

adenosine receptors (A1, A2A, A2B and A3). The short duration of spontaneous adenosine 

release would provide frequent, local, neuroprotective effects while mechanically-

stimulated adenosine release, with longer duration, could extend this effect. Thus, 

adenosine signaling as well as its neuromodulatory effects varied by brain region, which 

is important for designing adenosine-based treatments for neurological disorders.  For 
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example, regions with low numbers of adenosine transients might benefit from drugs that 

increase the frequency. Chapter 3 focused on the mechanism of rapid adenosine 

formation. Mice globally deficient in nucleoside triphosphate diphosphohydrolase 

(CD39), which converts ATP or ADP to AMP, as well as ecto-5′-nucleotidase (CD73), 

which converts AMP to adenosine were used to investigate if rapid adenosine signaling is 

from metabolism of extracellular ATP.  The concentration of adenosine release was 

independent of CD73 and CD39, suggesting spontaneous and mechanically-stimulated 

adenosine release was likely formed by intracellular release of adenosine.  However, 

CD39 and CD73KO decreased the frequency of spontaneous transients, so targeting these 

enzymes would specifically affect spontaneous but not mechanically stimulated release.  

The finding that enzymes responsible for ATP metabolism differentially affect different 

modes of adenosine release will help in the design of drugs that can exploit or avoid 

specific pathways or modes of release.  

Adenosine functions as a vasodilator to provide improved oxygen delivery to 

tissue by increasing blood flow. However, it remains unclear whether rapid adenosine 

signaling could induce vasodilation and the duration of rapid adenosine signaling acts at 

its receptors to modulate blood flow. Thus, in Chapter 4, the relationship between 

spontaneous adenosine and blood flow was investigated by simultaneously detecting 

adenosine and oxygen events.  Transient oxygen changes are a measure of the change of 

local blood flow. Adenosine and oxygen only lasted in the extracellular space for a few 

seconds and 34% of adenosine events were correlated with an oxygen event. The 

frequency of correlated adenosine and oxygen release is regulated by adenosine A2A 

receptors but is independent of A1 receptors. Thus, spontaneous adenosine transiently 
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increases oxygen due to modulation of blood flow, providing more oxygen and nutrients 

during increased tissue metabolic activity. The correlated adenosine and oxygen events 

during ischemia-reperfusion (I/R) injury was further characterized in Chapter 5. The 

frequency of correlated adenosine and oxygen events increased under ischemia and 

reperfusion, indicating the local blood flow is transiently increased even when a major 

artery is occluded. Adenosine A2A receptors eliminated the increase of adenosine and 

oxygen under I/R and blocking adenosine receptors with caffeine decreased the 

frequency of adenosine and oxygen events. This study provides an understanding of the 

amount of spontaneous adenosine that is available to act at receptors to affect transient 

changes in local blood flow. This study provides valuable information that spontaneous 

adenosine could locally modulate oxygen and therefore blood flow changes, even when 

global blood flow is decreased. The local effect of spontaneous adenosine could be 

crucial to maintain brain functions under mild ischemic reperfusion condition.  

The discovery of rapid adenosine signaling using FSCV provides a better 

understanding on the time course of adenosine related neuromodulator effects. 

Information on rapid adenosine formation and regional variation of rapid release is 

critical to manipulate the signaling. Adenosine receptors are involved in a variety of 

diseases, including ischemia. Future therapeutic strategies against diseases could target 

on the generation of adenosine through specific pathway as well as adenosine receptor by 

applying specific agonists or antagonists. For example, administration of an adenosine 

agonist to increase the frequency of spontaneous adenosine release during ischemia and 

reperfusion could provide more frequent and locally oxygen and nutrients, which may be 

beneficial to attenuate stroke. Better manipulation of rapid adenosine signaling need to be 
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developed in the future, which will significantly accelerate important therapeutic 

applications.  

6.2 Future Research  

The purpose of this work was to gain a better understanding of rapid adenosine 

signaling in the brain. As shown in this work, rapid adenosine release varies in brain 

region, but the mechanism of adenosine formation is still not fully known. Therefore, 

more studies are needed to further determine whether rapid adenosine signaling is 

neuroprotective during different diseases. Future research on functions and mechanisms 

of adenosine formation by combining FSCV with other techniques will provide more 

fundamental information to advance our understanding on rapid adenosine signaling.    

6.2.1 Mechanism of release and formation of rapid adenosine  

The mechanisms of release and formation of rapid adenosine have been studied 

but the main pathway of release and formation is not fully known. There are two sources 

of extracellular adenosine: (1) formed intracellularly and released to extracellular space 

by adenosine transporters or directly released through exocytosis; (2) formed by 

metabolism of extracellular adenine nucleotides (ATP, ADP, and AMP) through various 

enzymes.  

6.2.1.1 Adenosine transporters  

Intracellularly-formed adenosine can be released to extracellular space by 

adenosine transporters. There are two types of adenosine transporters: equilibrative 

nucleoside transporters (ENTs), which are diffusion-limited channels and for passive 

transport, and concentrative nucleoside transporters (CNTs), which are sodium-dependent 
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transporters for active transport.
1
 There are four types of ENTs: ENT1, ENT2, ENT3, and 

ENT4. ENT1 and ENT2 are expressed in the central nervous system.
2,3

 ENT3 is 

expressed outside of central nervous system and located intracellularly,
4
 therefore, it is 

not involved in the mechanisms of rapid adenosine release in the brain. ENT4 mainly 

transports adenosine but its activity is low at neutral pH and greatly increased at acidic 

pH.
5
 Thus, the ENT4 is not active at normal physiological condition and is unlikely to be 

a major contributor to adenosine formation. There are three types of sodium dependent 

CNTs: CNT1, CNT2, and CNT3, that transport both naturally occurring nucleosides or 

synthetic nucleoside analogs.
6
 CNT1 preferentially transports pyrimidine nucleosides 

using a 1:1 sodium-to-nucleoside ratio. CNT2 preferentially transports purine nucleosides 

by 1:1 sodium-to-nucleoside ratio. CNT3 transports both pyrimidine and purine 

nucleosides.
7
 CNT1 and CNT2 transcripts are expressed at low levels in the brain but 

CNT3 is not detected in the brain.
7
 The affinity of adenosine is greater for CNT1 and 

CNT2 than ENT1, but the transport rate of adenosine is much slower with CNT1 and 

CNT2.
1,8

 Therefore, ENT1 and ENT2 function predominantly in the brain, and the 

contribution of CNT1 and CNT2 is minimal.  

Past studies have looked at the effects of transporters on rapid adenosine release.  

A specific inhibitor of ENT1, NBTI (1 mg/kg, i.p.), did not affect the concentration of 

spontaneously released adenosine or mechanically-stimulated adenosine.
9,10

 In addition, 

inhibiting ENT1 and ENT2 with dipyridamole (10 mg/kg, i.p.) did not affect the 

concentration of adenosine resulting from spontaneous release. Therefore, ENT1 and 

ENT2 are ruled out as one of the mechanisms of spontaneously released adenosine and 

ENT1 is ruled out for mechanically-stimulated adenosine release. As CNT1 and CNT2 
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have slow transport rate of adenosine, these two transporters are unlikely involved in the 

mechanism of spontaneously released adenosine but future research is needed to 

investigate whether CNT1 and CNT2 participate in mechanically-stimulated adenosine 

release. A CNT inhibitor, such as phloridzin,
11

 could be used in brain slices. In addition, 

ENT2 knockout mice can be used to further investigate the mechanisms of mechanically-

stimulated adenosine. However, there is little evidence supporting adenosine transporters 

as the main mechanism of adenosine release.   

6.2.1.2 Exocytosis  

Exocytotic process constitutes various molecules, including soluble N-

ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins (SNAP-

25, synaptobrevin and syntaxin), synaptotagmins, and Rab proteins that drive vesicle 

docking, activation and fusion at the active zone.
12,13

 Exocytosis can be triggered by 

action potentials, where an increase in the concentration of intracellular calcium ion 

through voltage-gated calcium channels. Exocytosis also happens spontaneously, where 

vesicles are released spontaneously and independent on action potential.
14

 Previous 

studies have demonstrated that the frequency of spontaneously released adenosine 

increased during ischemia and reperfusion injury but the concentration did not change 

compared to normoxia condition (Chapter 5),
15

 suggesting the release of adenosine may 

be regulated through exocytosis. A previous study on mechanically-stimulated adenosine 

release showed that the release is activity-dependent.
10

 Chelating calcium with 1mM 

EDTA or preventing action potential by inhibiting sodium channels with tetrodotoxin 

(TTX, 0.5 μM) in rat brain slice significantly reduced the concentration resulting from 

mechanically-stimulated adenosine, indicating the release of adenosine is calcium 
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dependent and activity dependent.
10

 However, TTX (0.2 μM) did not affect the 

concentration or frequency of spontaneously released adenosine,
16

 indicating 

spontaneously release adenosine is not due to activity-dependent exocytosis. One 

possible mechanism for spontaneously released adenosine could be spontaneous, action 

potential-independent exocytosis. Future research could knock down vesicular nucleotide 

transporter or apply botulinum neurotoxin types A and B to selectively block exocytosis 

by cleavage of SNAP-25 and synaptobrevin, respectively, in brain slices to further 

investigate if spontaneously adenosine and mechanically-stimulated adenosine are 

directly released by excytosis.
17,18

  

6.2.1.3 ATP channels 

There are multiple types of ATP release channels, where ATP can be released 

from the cytosol into the extracellular space and rapidly broken down to adenosine. 

Pannexins are channel proteins that mediate ATP release under physiological and 

pathological conditions. There are three types of pannexins(1-3). Pannexin1 and 

Pannexin2 are widely expressed and co-expressed in mouse tissues, such as brain and 

kidney in human and rodent tissues.
19

 Low levels of pannexin3 were detected in human 

hippocampus extracts but mouse brain tissue has little or no detectable pannexin3.
19,20

 

Thus, pannexin3 is unlikely involved here in the mechanism of rapid adenosine release in 

the brain. Pannexin1 channels can be activated by membrane depolarization and 

cytoplasmic calcium ion.
19

 They are mechanosensitive and thus can also be activated by 

mechanical stimulation.
21

 A previous study on spontaneously release adenosine showed 

that the pannexin1 specific inhibitor, spironolactone (20 μM), or pannexin1 knockout 

mice did not affect the concentration or frequency of adenosine events in mice brain 
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slices.
16

 When applied 10 μM of a non-specific inhibitor, carbenoxolone, which blocks 

pannexin channels, connexin channel, postsynaptic NMDA receptors and calcium 

channels, the concentration and frequency of release events of spontaneously released 

adenosine decreased, indicating ATP is released into extracellular space through channels 

or exocytosis and broken down to adenosine. It also possible that adenosine is directly 

released by exocytosis. However, high concentration of carbenoxolone (100 μM) had no 

effect on spontaneously released adneosine.
16

 Low concentration of carbenoxolone is a 

relatively specific inhibitor of pannexin channels over connexin channels while high 

concentration of carbenoxolone is a more general inhibitor. Deletion of pannexin1 did not 

affect spontaneously released adenosine, suggesting that pannexin1 is not responsible for 

spontaneously release adenosine. Future research could use pannexin1 knockout mice to 

further study the mechanism of mechanically-stimulated adenosine release. Whether 

pannexin2 is involved in rapid adenosine release could also be investigated. 

In addition, connexin hemichannels can also release ATP, which are the subunits 

of vertebrate gap junction channels. There are 43 types of connexin hemichannels and 

about 21 types of connexin hemichannels are expressed in the brain in astrocytes, 

oligodendrocytes, microglia, neurons.
22,23

 There are other channels, such as calcium 

homeostasis modulator1, volume-regulated anion channels and maxi-anion channel that 

are also ATP-release channels.
24

 Future research on the mechanism of rapid adenosine 

release could further investigate if ATP is release through these channels and break down 

to adenosine.  
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6.2.1.4 Possible formation of adenosine 

ATP can be released through ATP release channels and break down to adenosine 

in the extracellular space. ATP and ADP can also be released by exocytosis and rapidly 

broken down to adenosine in the extracellular space, thus, inhibiting release of ATP and 

ADP by exocytosis would subsequently affect rapid adenosine release. Adenosine may be 

coreleased with ATP or ADP by exocytosis, therefore, inhibiting enzymes that break 

down ATP, ADP, and AMP will partially decrease the concentration of adenosine; 

however, the concentration of adenosine that directly released by exocytosis is 

unaffected.   

 There are 5 types of enzymes that are involved in hydrolysis of adenine 

nucleotides: NTPDases, alkaline phosphatases, prostatic acid phosphatase, CD73, and 

ectonucleotide pryophosphatase/phosphodiesterase (NPPs). For NTPDases, there are 8 

types of NTPDases (1-8), where NTPDase 1, 2, 3 and 8 are located at the surface of the 

plasma membrane and hydrolyze extracellular nucleotides.
25

 NTPDase 4 is allocated to 

the Golgi apparatus and does not hydrolyze ATP and ADP.
26

 NTPDase 5 and 6 are 

located in the intracellular organelles but can be trafficked to the cell surface and secreted 

by a proteolytically cleavage.
25

 NTPDase 7 is entirely located in the intracellular 

organelles,
27

 which might hydrolyze extracellular nucleotides when released from cells. 

Thus, NTPDase 4 is not involved in mechanism of rapid adenosine release and NTPDase 

5-7 are unlikely the major mechanism of rapid adenosine release. In chapter 3, deletion of 

CD39 (NTPDase 1) does not change the concentration of spontaneously released 

adenosine and mechanically-stimulated adenosine, indicating CD39 is not directly 

involved in the mechanism of rapid adenosine release. For mechanically-stimulated 
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adenosine release, blocking extracellular ATP breakdown by NTPDase 1, 2 and 3 

inhibitor, POM-1 (100 μM), significantly reduced the concentration of adenosine 

resulting from mechanical stimulation.
10

 Therefore, NTPDase 1 is ruled out from the 

mechanism of rapid adenosine release. Future research could investigate if NTPDase 2,3 

and 8 are involved in the mechanism of rapid adenosine release.  

In addition, ecto-nucleotide pyrophosphatease/phosphidesterase (NPPs) are other 

ectonuleotidases widely expressed in the brain and are capable of hydrolyzing ATP and 

ADP but not AMP.  There are 5 types of NPPs (1-5), where NPP1 and NPP3 are type II 

membrane proteins and NPP2 is secreted.
28

 NPP4 and NPP5 has been identified as 

additional types of NPPs but little is known about their catalytic acivity.
29

 NPP1 is 

expressed on capillary walls and NPP3 is located in ependymal and choroid.  NPP2 is not 

found in neurons and astrocytes but is associated with early oligodendrocyte lineage 

cells.
28

 Thus, NPPs are unlikely the dominant ectonucleotidases for rapid adenosine 

release.  

Alkaline phosphatase is an extracellularly active protein of nonspecific ecto-

phosphomonoesterase that hydrolyzes ATP, ADP, and AMP to adenosine and is widely 

expressed in the brain.  Alkaline phosphatase can hydrolyze ATP, ADP, and AMP at 

neutral and basic but not acidic pH.
30,31

 Alkaline phosphatase can be redundantly a 

potential source of extracellular adenosine when CD73 is absent.
32

 Prostatic acid 

phosphatase (PAP) and CD73 are enzymes that hydrolyze AMP to adenosine.  PAP is 

widely expressed in various tissues, including prostate, nonpeptidergic dorsal root ganglia 

neurons, brain, kidney and the prostate is the richest source in human and mouse.
33,34

 

Previous studies showed PAP is the main acid phosphatase with CD73 activity in the 
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male mouse saliva but not in female animals, suggesting that PAP activity has sex-

specific requirements.
35

 Spontaneously released adenosine events decreased by more than 

50% in dorsal root ganglia and spinal lamina II of PAP/CD73 double knockout mice and 

virtually eliminated the hydrolysis of AMP to adenosine by blocking alkaline 

phosphatase with MLS-0038949 (50 μM). In our study, deletion of CD73 does not affect 

the concentration of both spontaneous and mechanically-stimulated adenosine. However, 

deletion of CD73 may increase PAP and alkaline phosphatase activities. Further research 

should use qPCR to quantify gene expression of PAP and alkaline phosphatase in WT 

and knockout mice. In addition, enzyme histochemistry could be used to localize the PAP 

and alkaline phosphatase activities. Overall, ATP and ADP can be hydrolyzed by 

NTPDase and NPPs. AMP can be hydrolyzed by PAP, CD73. However, alkaline 

phosphatase is the only phosphatase in brain that can hydrolyze ATP, ADP and AMP. 

Future research could investigate if NTPDase 2,3 and 8 are involved in the mechanism of 

rapid adenosine release. The mechanism of rapid adenosine release can be further studied 

by blocking alkaline phosphatase in brain slice or using alkaline phosphatase knockout 

mice. In addition, male and female mice should be separately studied using PAP 

knockout mice as the activity of PAP varies in different sexes in brain. In addition, 

further research could combine transgenic animals and pharmacological studies to 

investigate the mechanism of rapid adenosine release. 

Overall, the mechanisms of release and formation of rapid adenosine are 

complicated (Figure 6.1). Adenosine can be formed intracellularly and released into 

extracellular space via adenosine transporters or directly released by exocytosis, but 

adenosine transporters are unlikely the main sources of rapid adenosine release. 
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Adenosine can also be formed extracellularly by breakdown of ATP, ADP and AMP, 

where ATP and ADP break down to AMP by NTPDases, NPPs, and alkaline phosphatase 

and AMP breaks down to adenosine by PAP, CD73 and alkaline phosphatase. 

Breakdown of adenine nucleotide could contribute to the formation of adenosine and 

subsequent, the release of adenosine. Future research is needed to fully address the 

 
Figure 6.1 Possible mechanism of rapid adenosine release. Rapid adenosine (ADO) 

release can be formed in intracellular space and release into extracellular space through 

adenosine transporters (CNT1, CNT2, ENT2) or by exocytosis. Rapid adenosine release 

can also be formed by metabolism of ATP, where ATP can be released through different 

channels or exocytosis and break down to AMP by NTPDases, NPPs, or alkaline 

phosphatase (AP). AMP can break down to adenosine by CD73, prostatic acid 

phosphatase (PAP) or AP.  
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following questions: Is rapid adenosine directly released by spontaneous exocytosis or 

from breakdown of adenine nucleotides? If adenosine is formed by breakdown of adenine 

nucleotides, which ATP channel and enzyme dominate the formation of rapid adenosine? 

Does blocking ATP release channel or enzyme activity cause other known ATP release 

channels or enzymes upregulated? Answering these questions will provide a better 

understanding on the mechanism of rapid adenosine release, which is crucial to be able to 

selectively manipulate it for future therapeutic benefit.  

6.2.1 Spontaneous adenosine release in freely moving rats.   

Measurements of rapid changes in adenosine are usually performed in 

anesthetized animals or in brain slices. However, whether rapid adenosine signaling can 

be observed in freely moving animals is still unclear. Adenosine plays an important role 

in sleep control. The concentration of adenosine increases during wakefulness and 

decreases during sleep.
36

 Measurements of adenosine concentration during the sleep-

wake cycle have been widely investigated in vivo by microdialysis. However, 

microdialysis is limited for detecting neurochemical change in real time and can only 

measure the basal concentration of chemicals.  

 Electroencephalography (EEG) is an electrophysiological method that measures 

the electrical activities of the brain and determines sleep and waking state. While the 

combination of EEG and microdialysis is able to detect electrical activities and measure 

the basal concentration of neurotransmitter change, how neurotransmitters change on a 

fast time scale is unknown during sleep. Thus, FSCV and EEG could be combined to 

investigate how rapid adenosine changes during sleep-wake cycle. For example, sleep 

deprivation experiments could be performed to investigate the role of rapid adenosine 
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signaling. Acute and chronic treatment of caffeine, an adenosine nonselective antagonist, 

could also be used to study how it affects spontaneous adenosine release during sleep-

wake cycle.  

In addition, FSCV combined with video-EEG can also be used to study the role of 

adenosine in seizures. Epilepsy is a neurological disorder that is caused by abnormal 

electrical activity in the brain and is characterized by spontaneous recurrent seizures.
37

  

Pilocarpine is a muscarinic cholinergic agonist, which is commonly used to induce status 

epilepticus in animals. The pilocarpine model is highly isomorphic with the human 

disease, thus, pilocarpine animal models can be used to study the mechanism of epilepsy 

and predict the response to antiepileptic treatment.
38

 The concentration of extracellular 

adenosine increases upon seizure activity,
39

 which is a critical sign to determine the 

susceptibility of brain to seizure activity.
40

 While research has focused on the basal 

concentration changes of adenosine, the time course of the actual signaling during seizure 

activity is not defined. In contrast to the increased basal concentration of adenosine 

during seizure, my preliminary data showed no change in concentration but a decreased 

frequency of spontaneous adenosine release events during pilocarpine (200 mg/kg, i.p.)-

induced seizures in the caudate-putamen of anesthetized rats (Fig. 6.1).  In order to reveal 

if spontaneous adenosine release has neuroprotection effects during seizure activity, 

FSCV and video-EEG could be used simultaneously in pilocarpine-treated animals , 

where spontaneous adenosine release in real time is monitored by FSCV while seizure 

onset and severity could be assessed using video-EEG. Moreover, deep brain stimulation 

reduces the frequency of spontaneous recurrent seizure in pilocarpine-induced animal 

model,
41

 where adenosine released after stimulation may activate A1 receptors to decrease 
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brain excitability.
42

 Direct injection of adenosine into the affected tissue improves seizure 

control.
43

 Thus, by using FSCV and video-EEG, mechanically-stimulated adenosine 

release could be performed locally and daily in the brain of pilocarpine-induced animals 

to investigate whether it exhibits antiepileptic effects.  

 
Figure 6.2 Effect of pilocarpine (200 mg/kg, i.p.) on spontaneous adenosine release in 

the caudate-putamen. (A) The number of adenosine events per hour was significantly 

decreased after pilocarpine administration (paired t-test, n = 5 animals, p = 0.011). (B) 

Inter-event time distribution. The underlying distribution after pilocarpine was 

significantly different (K-S test, p < 0.0001). (C) The event concentration of adenosine 

was significantly different after pilocarpine (unpaired t-test, p = 0. 023) 

 

6.2.2 Detection of adenosine with FSCV and optogenetics  

Chapter 3 tested the extent to which adenosine is formed from ATP metabolism 

by using CD73 and CD39 knockout mice. Deletion of CD73 and CD39 did not affect the 

concentration of either spontaneous or mechanically-stimulated adenosine release; 

therefore, there are other mechanisms that modulates the concentration of adenosine. 

Optogenetics can be combined with FSCV to study the release and formation of 

spontaneous and mechanically-stimulated adenosine. Optogenetics optically controls 

genetically targeted biological systems with millisecond temporal resolution and 

millimeter to micrometer spatial resolution.
44–46

 Optogenetics manipulates the activity of 

individual neurons via turning on or off genetically-modified light sensitive ion channels, 
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where light sensitive microbial or animal opsins are expressed in target cells and can be 

activated by certain wavelengths of light.
47

 Optogenetics is able to reversibly control the 

channels on the second time scale and has much higher spatial and temporal resolution 

than traditional drug administration methods, as drugs need time to transport and are 

distributed globally in the body to irreversibly manipulate the channels. Therefore, 

integration of FSCV with optogenetics is able to provide real-time, highly localized 

information under rapid-changing physiological conditions (Fig. 6.2A). 

There are several ion channels related to the release of adenosine, such as 

pannexin channels, sodium channels, and calcium channels.
10,48–50

 Thus, it is useful to 

modify these channels with optogenetic methods to investigate their roles in adenosine 

release. The changes of adenosine concentration and frequency can be monitored by 

FSCV after manipulating the ion permeability of channels by light. The pannexin channel 

is an ATP releasing channel
51

, where turning on this channel is expected to result in a 

increase in extracellular concentration of ATP and thus would increase adenosine formed 

by extracellular ATP breakdown. If the rapid adenosine signaling is from breakdown of 

extracellular ATP, the concentration of rapid adenosine release will increase after turning 

on the pannexin channel (Fig. 6.2B). Another ion channel that is critical for adenosine 

release is sodium channels. Activation of Na
+
-K

+
 ATPase by Na

+
 influx leads to the 

breakdown of intracellular ATP and results in more adenosine production, which can be 

released to the extracellular space through ENTs.
52

 Administration of a sodium channel 

blocker, TTX, decreases electrically- and mechanically-stimulated adenosine release but 

does not affect spontaneous adenosine release in brain slices.
10,48,53

 Future research could 

use optogenetics to open sodium channels  in anesthetized or freely moving animals to  
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Figure 6.3 Proposed mechanisms of adenosine release manipulation by light-gated 

ion channels. (A) General scheme to combine optogenetics with FSCV. Optogenetics is 

used to modulate adenosine release and FSCV is applied for adenosine detection. (B) 

Pannexin channel is an ATP release channel. With optogenetically-controlled channels, 

the channel would open when the light is on, and that intracellular ATP would flow 

through the channel to extracellular space and hydrolyze to adenosine. The concentration 

of rapid adenosine release would increase if it is from breakdown of ATP. (C) Light-

gated sodium channel is closed when light is off. When light is on, the channel opens to 

allow more Na
+
 into the cell to further activate Na

+
-K

+
 ATPase, leading to hydrolysis of 

more intracellular ATP and production of more adenosine through breakdown of ATP, 

which can be released to extracellular places by ENTs.  (D) Adenosine and ATP can also 

be released by exocytosis, which is calcium-dependent. Calcium channels are closed 

when the light is off. Opening the channel by light allows more Ca
2+

 into the cell, which 

facilitates exocytosis and causes more adenosine and ATP release.  

 

further study the mechanism of adenosine formation during different behaviors (Fig. 

6.2C). In addition, previous studies showed that adenosine release is calcium dependent. 

For example, chelating Ca
2+

 with EDTA decreases mechanically-stimulated adenosine 
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release.
10

 Ca
2+

 influx causes the depolarization of cell membrane and exocytosis of ATP 

and adenosine.
49

 Thus, opening light-gated calcium channel allows more calcium influx 

into the cell, which facilitates exocytosis and causes more adenosine and ATP release. 

Future research could investigate whether rapid adenosine signaling is from exocytosis 

by opening calcium channels and simultaneously inhibiting the breakdown of ATP (Fig. 

6.2D).  

6.2.3 Interaction of adenosine and dopamine  

Adenosine is also known to modulate dopamine responses in the central nervous 

system. Exogenously applied adenosine and mechanically-stimulated adenosine 

transiently modulate electrically-stimulated dopamine release through A1 receptors.
54

 

Dopamine is oxidized to dopamine-o-quinone at 0.6 V and reduced back to dopamine at 

approximately - 0.25V vs an Ag/AgCl reference electrode using FSCV (Fig. 6.3) A 

triangular waveform, -0.4 V to 1.45 V and back every 100 ms at 10Hz, can be used to 

quantitatively and simultaneously measure dopamine and adenosine release. Spontaneous 

adenosine and dopamine releases are found in the striatum in anesthetized animals using 

FSCV (Fig. 6.4). Thus, spontaneous adenosine and dopamine can be simultaneously 

detected in vivo.  

 
 

Figure 6.4 Oxidation and reduction of dopamine. Dopamine is oxidized to dopamine-

o-quinone by losing two electrons and two protons. This process is reversible 

as dopamine-o-quinone can be reduced back to dopamine. 
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An automated algorithm has been built to identify rapid changes of adenosine 

signaling in vivo.
55

 Adenosine is identified based on its two oxidation peaks, the current 

vs. time peak ratio as well as the time delay between two peaks. Rapid changes of 

dopamine and pH in vivo can be separated and quantified using principal component 

regression (PCR).
56

 PCR is multivariate calibration methods that combines principal 

component analysis and least-squares regression, which identifies chemicals from a 

mixture and removes noise from data.
57,58

 Dopamine can be processed using PCR to  

 
Figure 6.5 Spontaneous adenosine and dopamine release in the caudate-putamen in 

vivo. Adenosine and dopamine events are shown in a 70 seconds window of the 3-D color 

plot, the adenosine and dopamine events are marked. Cyclic voltammograms above the 

color plot show characteristics of dopamine and adenosine. The oxidation peak of 

dopamine occurs at about 0.65 V and reduction peak occurs at – 0.2 V.  The primary 

oxidation of adenosine is at 1.3 V on the cathodic scan and secondary oxidation peak is at 

1.2 V on the anodic scan.  

 

separate from pH and noise, and then the automated algorithm could be used to pick the 

oxidation and reduction peaks based on the its characteristics. The combination of the 

automated algorithm and PCR for dopamine detection will reduce the time spent on data 

analysis and be able to automatically process both adenosine and dopamine data. Future 
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research could focus on the extent to which rapid adenosine signaling modulates transient 

dopamine release and how it influences dopamine-affected reward and relapse behavior, 

alcohol abuse, and drug addiction using A1 and A2A agonist and antagonist in freely 

moving animals or transgenic models. 

Dopamine exerts its effects in the brain through postsynaptic D1 and D2 receptors 

that is involved in various psychostimulant-mediated effects, such as reward-related 

incentive learning
59

, alcohol abuse
60

, and drug addiction
61

.  Adenosine A1 and A2A 

receptors are located presynaptically on glutamatergic nerve terminals to modulate 

glutamate release. Postsynaptically, A1 receptors are co-expressed with dopamine D1 

receptors on neurons of direct pathway, where striatal cells project directly to globus 

pallidus (internal) to excite neuron activity.  A2A and D2 receptors are co-expressed on 

neurons of indirect pathway, where striatal cells project to globus pallidus (external) 

through subthalamic nucleus to inhibit neuron activity.
62,63

 Previous studies showed 

functional interactions between A1 and D1 and between A2A and D2. For example, 

stimulation of A2A receptors leads to decreased affinity of D2 agonist binding sites in the 

rat striatum.
64

 Activation of A1 receptors attenuated the high-affinity binding of dopamine 

to D1 receptors.
65

 Thus, adenosine A1 and A2A receptors can antagonistically modulate 

dopaminergic neurotransmission and therefore psychostimulant-mediated effects. The 

modulation role of adenosine receptors on dopamine has been studied on a slow time 

scale. However, how rapid adenosine signaling interacts with dopamine involved 

psychostimulant-mediated effects is not fully known.  

Parkinson’s disease (PD) is a neurodegenerative disorder that causes tremor, 

stiffness, and slow decreased movement.
66

  Widespread dopamine deficiency is 
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associated with PD and inactivation of adenosine receptors using caffeine shows 

neuroprotection in an animal model of PD.
67

 Future research could examine the 

interaction between spontaneous adenosine and dopamine signaling simultaneously in PD 

animals at different stages of PD and the effect of inactivating adenosine receptors on 

dopamine release. Deep brain stimulation is used to treat movement disorders, such as the 

tremor produced by PD patients, which is associated with a marked increase in the 

release of ATP and extracellular accumulation of adenosine.
68

 Deactivation of A1 

receptors with the antagonist DPCPX (4 mg/kg, i.p.) increases the tremor, while 

intrathalamic infusion of A1 receptor agonist CCPA (1.0 μM), directly reduces tremor.
68

 

Thus, adenosine may have potential therapeutic and neuroprotective effects on PD. 

However, the extent to which rapid adenosine plays a neuroprotective role is not known 

and future studies could examine the time course of adenosine modulation of dopamine.  

Future research could also explore the role of electrically and mechanically-stimulated 

adenosine release in PD. 

6.3 Final Conclusions 

In conclusion, the discovery of rapid adenosine signaling by FSCV is a paradigm 

shift for understanding the time course of adenosine. Real time monitoring of 

spontaneous adenosine release reveals its role as local metabolic cerebral vasodilator by 

transiently adjusting blood flow to the oxygen and metabolic requirements of the tissue 

on a second time scale. This local vasodilation is neuroprotective and more active in 

response to ischemia, even after the blockage of major arteries. To better manipulate the 

neuroprotective effects of spontaneous adenosine release, investigating regional variation 

of release and the mechanism of formation is essential to establish better strategies. 
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Adenosine agonist/antagonist and enzyme activator/inhibitor can be used to target 

specific regions to modulate the frequency and concentration of rapid adenosine 

signaling. Further research is required to resolve different pathways involved in 

adenosine generation and identify more functions of adenosine under various diseases, 

including sleep disorders, Parkinson’s disease, and epilepsy, which will give valuable 

insights and lead to the identification of new therapeutic strategies for the treatment of 

adenosine-related diseases.   
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