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Abstract 

 Adenosine is an important neuromodulator in the brain, it modulates neurotransmitter 

release and provides neuroprotection during physiological and pathological conditions. The 

mechanisms of rapid adenosine release in the brain have been investigated for several years 

using fast-scan cyclic voltammetry (FSCV). However, the mechanisms of rapid adenosine 

neuromodulation and formation are still not fully understood. This thesis explored the rapid 

adenosine modulation and formation by using global knockout mice, and the range of rapid 

adenosine effects in the brain was also characterized with dual-channel FSCV. 

 In Chapter 2, spontaneous adenosine and mechanically-stimulated adenosine were 

separately measured in the caudate-putamen region in a mouse brain. Here, I investigated the 

regulation of rapid adenosine by adenosine receptors, using global A1 or A2A knockout mice. 

The results indicate that A1 receptors presynaptically modulate the frequency of spontaneous 

adenosine but do not modulate the concentration. However, A2A receptors modulate the 

concentration of spontaneous adenosine but do not significantly influence the frequency of 

spontaneous adenosine. For the mechanically-stimulated adenosine, adenosine receptors do 

not significantly influence the concentration of adenosine in vivo, but A1 receptors significantly 

modulate the concentration of stimulated adenosine in the brain slice model. Understanding the 

role of adenosine receptors on rapid adenosine release will help for future treatments for 

different diseases that are related to adenosine neuromodulation. Chapter 3 investigated the 

mechanisms of rapid adenosine formation in the hippocampus CA1 region using Pannexin 1 

knockout mice. There was no significant difference in spontaneous adenosine release between 

wild-type mice and Pannexin 1 knockout mice. Therefore, Pannexin 1 channels might not be the 

formation pathways of spontaneous adenosine release. However, the concentration of 

mechanically-stimulated adenosine decreased around 50% in Panx1KO mice indicating that 

Pannexin 1 channels partially influence the formation of mechanically-stimulated adenosine due 
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to their mechanosensitive property. In addition, a high dose of a non-selective drug, 

Carbenoxolone (CBX) did not further influence the rapid adenosine release, indicating that other 

pannexin channels and connexins are not contributed to the rapid adenosine formation. These 

results prove that spontaneous adenosine and mechanically-stimulated adenosine has different 

mechanisms of modulation and formation. Future studies could focus on the impact of 

exocytosis for rapid adenosine formation.  

 Chapter 4 describes the range of rapid adenosine effects by using dual channel FSCV. 

Rapid adenosine was simultaneously detected in two different sites in hippocampus CA1 in the 

mouse brain slice. By varying the distance of two working electrodes, the spatial range of rapid 

adenosine was characterized. Mechanically-stimulated adenosine can be detected up to 150 

µm away from where it was stimulated, although the signal is smaller and delayed. 

Spontaneous adenosine was randomly and localized released and could not diffuse to a 50 µm 

distance. This study shows that spontaneous adenosine events are very localized and thus 

provide only local neuromodulation. Injury, such as mechanical stimulation, allows adenosine to 

diffuse farther, but neuroprotective effects are still regional. 

 Chapter 5 presents a graphene oxide (GO) modified carbon fiber microelectrode (CFME) 

for dopamine detection in FSCV. GO coating improved the electrode sensitivity by providing 

more oxygen-functional groups for dopamine adsorption. Different methods, such as drop 

casting, dip coating, and electrodeposition, were also compared in this chapter. Drop casting 

was likely to cause a huge GO aggregation which slows down the electron transfer rate of 

dopamine detection. Dip coating did not sufficiently coat the electrode surface, GO particles 

tended to form sediments under the solution instead. Electrodeposition showed the best coating 

on CFME, and the sensitivity of the modified electrode enhanced nearly two folds for dopamine 

detection. In addition, the modified electrodes were successfully applied to mouse brain slices to 
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monitor the electrically-stimulated dopamine release. Thus, GO is good for improving sensitivity 

and is stable for complex tissue measurement. 

 Overall, my thesis demonstrates the new findings of the mechanisms of rapid adenosine 

modulation and formation by using different types of knockout mouse models, I also 

characterized the range of rapid adenosine with dual channel FSCV in mouse brain slices. The 

new information provides more understanding of rapid adenosine release in the brain which will 

be useful for future treatments of adenosine-related diseases. Furthermore, I also optimized 

new GO-modified CFMEs to improve the sensitivity of dopamine detection in brain slices. Better 

method developments, better sensors, and better analytical tools will reveal more understanding 

of rapid neuromodulation in the future.
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Introduction 
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1.1  Overview of adenosine 

Adenosine is a major byproduct of adenosine triphosphate (ATP) degeneration, and it 

plays an important role in neuromodulation in the central nervous system (CNS) and other parts 

of the body.1–3 For example, adenosine acts as a neuromodulator to modulate neurotransmitter 

release in the CNS. Adenosine also modulates multiple biological functions such as blood flow, 

sleep-wake cycles, pain, and memory. Dysfunction of adenosine metabolism may cause 

Alzheimer’s disease and Parkinson’s disease.4–11 Additionally, adenosine signaling is 

neuroprotective during brain injury, stroke, ischemia, and epileptic seizures.12 Therefore, 

investigating the mechanisms of adenosine neuromodulation will help us understand its role in 

different diseases. 

Adenosine was first discovered by Drury and Szent-Gyorgyi in cardiac and vascular 

tissues in 1929, and Berne identified the physiological role of adenosine as a mediator of 

coronary vasodilation in 1963.13,14 Since then, adenosine has been broadly investigated as part 

of purinergic signaling with different types of techniques. For example, microdialysis has been 

used for neurotransmitter detection, including adenosine; however, the slow time resolution 

(minutes to hours) limits the ability to monitor rapid signaling.15,16 Electrophysiology and 

electrochemistry techniques, such as amperometry and fast-scan cyclic voltammetry (FSCV), 

possess enhanced temporal resolution in subsecond scales. Specifically, FSCV rapid detection 

found rapid adenosine release in the brain, which only lasts few seconds.17,18 Additionally, 

Dale’s group designed a three-enzyme microelectrode biosensor to detect adenosine in the 

central nervous system with good selectivity and high temporal resolution (10–90% rise time, 

2±0.23 s).19 Further, new genetically-encoded sensors (GRAB sensors) combined with 

fluorescence measurements provide good selectivity and spatial resolution for adenosine 

measurement.20 All of these methods provide different advantages and have been applied to 
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investigate the mechanisms of adenosine. However, the role of rapid adenosine in the brain is 

still not fully understood.  

In this thesis, I explore the mechanisms of rapid adenosine using a mouse brain slice 

model. Different types of globally knock-out mice are compared to investigate the role of 

adenosine receptors on rapid adenosine release. I also investigated if the Pannexin 1 channel is 

one of the pathways of extracellular rapid adenosine release. Finally, the spatial range of rapid 

adenosine diffusion is characterized via dual-channel FSCV. Overall, this thesis develops 

techniques for rapid adenosine detection and unveils a better understanding of rapid adenosine 

neuromodulation in the brain.    

1.1.1 Adenosine formation and pathways 

Adenosine is a purine nucleoside consisting of adenine and ribose. Adenosine formation 

occurs via both intracellular and extracellular pathways via different mechanisms. Figure 1.1 

shows the mechanisms of adenosine formation and adenosine metabolic pathways in the cell. 

ATP metabolism in the cell is the main source for adenosine intracellular formation.21 ATP first 

degenerates to adenosine monophosphate (AMP) by ATP/ADPase, and AMP diphosphate to 

adenosine via 5’ nucleotidase.22 Because the intracellular ATP concentration is about 50 times 

more than AMP, a slight change in ATP concentration will cause significant adenosine 

formation.23 Intracellular adenosine can either be phosphorylated back to AMP by adenosine 

kinase, or be degenerated to inosine by adenosine deaminase and decompose into uric acid for 

further metabolism.22,24 Adenosine is also released into the extracellular space via equilibrative 

or concentrative transporters (ENTs, CNTs).21 Another method for adenosine intracellular 

formation comes from S-Adenosyl-L-homocysteine (SAH) hydrolysis.25 

Adenosylhomocysteinase (SAHH) coverts SAH to homocysteine and adenosine in the cells, but 

this process has a low impact on adenosine formation in the brain. 
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In the extracellular space, adenosine is released multiple ways. ATP can be packaged 

into vesicles by the vesicular nucleotide transporter (VNUT) and released by exocytosis into the 

extracellular space.26 Then, ATP is rapidly hydrolyzed to adenosine by ectoenzymes such as 

CD39 and CD73 within 200 milliseconds.27,28 Although, exocytosis of ATP is the main source of 

extracellular ATP, ATP is also released extracellularly via other membrane channels such as 

pannexin and connexin channels.29,30  In addition, adenosine is also released via ENTs into the 

extracellular space when the intracellular adenosine concentration is high. 

Extracellular adenosine interacts with different adenosine receptors either 

presynaptically or postsynaptically for further neuromodulation.31,32 It also diffuses to a broader 

range of tissue if the concentration is high. Details are shown in Figure 1.2 and section 1.1.2. 

Cells reuptake adenosine via ENTs. There are two main enzymes that metabolize adenosine, 

adenosine deaminase (ADA) and adenosine kinase (ADK). ADA catalyzes adenosine 

deamination into inosine and then inosine is decomposed into uric acid via other enzymes. ADK 

catalyzes adenosine phosphorylation to AMP. The Km of ADK (about 1 µM) is much lower than 

the Km of ADA (25-150 µM); therefore, ADK is the primary enzyme for adenosine metabolism.32   

 

Figure 1.1 The mechanism of adenosine formation and metabolic pathways in cells. Adenosine 
is generated in both intra- and extracellular spaces from ATP hydrolysis. ATP is released via 
exocytosis into the extracellular space and quickly broken down into adenosine by enzymes. 
Adenosine is also released into the extracellular space via ENTs. SAH is another source of 
adenosine formation, but it is not abundant in the brain. Adenosine can be phosphorylated back 
to AMP by ADK, or metabolized to inosine via ADA and decomposed to uric acid. 
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1.1.2 Adenosine receptors 

Adenosine is an important neuromodulator in the brain, and it modulates 

neurotransmitter release by interacting with adenosine receptors. Adenosine receptors are G 

protein-coupled, and there are four subtypes of adenosine receptors: A1, A2A, A2B, and A3.33 A1 

receptors are the most abundant adenosine receptor type in the brain, and they act as inhibitory 

receptors by inhibiting adenylyl cyclase to decrease AMP concentrations. A2A receptors are also 

broadly distributed in the brain, but they act as excitatory receptors by stimulating adenylyl 

cyclase to increase AMP concentrations. However, A2B and A3 receptors are less abundant, and 

A2B receptors are excitatory receptors, but A3 are inhibitory receptors.32,34 In addition, the affinity 

(Kd) of A1 and A2A receptors is relatively high, around 70 nM and 150 nM, respectively. A2B and 

A3 have much lower affinity for adenosine, 5100 nM and 6500 nM, respectively;35 therefore, A2B 

and A3 receptors are less effective, and adenosine signaling is mainly modulated through A1 and 

A2A receptors. Figure 1.2 shows how adenosine receptors modulate adenosine in the synapse. 

Adenosine receptors can pre-synaptically or post-synaptically affect adenosine synthesis via 

inhibition or excitation.36 

1.1.2.1 A1 receptors 

Adenosine A1 receptors are broadly distributed in the CNS and are located pre-

synaptically, post-synaptically, and non-synaptically in the membranes.37 A1 receptors modulate 

the release of multiple neurotransmitters such as acetylcholine, dopamine, serotonin, glutamate, 

and GABA.2,38–40 Activation of presynaptic A1 receptors cause inhibition of neurotransmitter 

release. For example, the release of glutamate in the CA1 region is highly sensitive to inhibition 

via A1 receptors.41 In addition, A1 receptors inhibit calcium channels and stimulate potassium 

channels.42,43 Post-synaptically, A1 receptors can interact with NMDA receptors for 

neuromodulation;44 however, how A1 receptors modulate rapid adenosine release in real-time is 

still unclear. 
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1.1.2.2 A2A receptors 

 A2A receptors are highly distributed in certain regions in the CNS such as the striatum, 

nucleus accumbens, and olfactory tubercle.45 In the striatum, some A2A receptors are co-

expressed with D2 receptors and coexist as A2A-D2 heterodimers, which indicate that A2A 

receptors modulate dopamine signaling in the brain.46 A2A receptors also influence the release 

of neurotransmitters such as GABA, glutamate, and acetylcholine.47–51 A2A receptors are the 

main target for caffeine to decrease cAMP stimulation to lower adenosine levels.52 There are 

also drugs designed to specifically target A2A receptors either as antagonists or agonists to treat 

brain disorders, such as Parkinson’s diseases.11  

1.1.2.3 A2B and A3 receptors 

A2B receptors are excitatory receptors that regulate vascular permeability and may also 

play a role in neuroprotection in the brain. Since A2B and A3 are poorly distributed in the brain, 

there is a lack of pharmacological tools available to investigate their receptors. Therefore, the 

role of A2B and A3 receptors in the brain is still unclear.32  
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Figure 1.2 Adenosine formation and release in the synapse with mechanisms of adenosine 
receptor modulation on adenosine concentration. Adenosine receptors are G protein coupled 
receptors (GPCRs). A1 and A3 are inhibitory receptors that block adenylyl cyclase, but A2A and 
A2B are excitatory receptors that stimulate adenylyl cyclase to enhance cAMP. Adenosine 
receptors are distributed both pre-synaptically and post-synaptically on the membrane for 
adenosine modulation. 

 

1.1.3 Adenosine Transporters 

Adenosine transporters play pivotal roles for the adenosine pathways between the intra- 

and extracellular spaces. There are two types of adenosine transporters, equilibrative nucleotide 

transporters (ENTs) and concentrative nucleotide transporters.21,53 ENTs are the primary 

transporters for extracellular adenosine regulation via concentration gradient changes.54  
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1.1.4 Pannexin channels 

Recently, Pannexin channels were discovered as gap junction proteins that consist of 

large transmembrane channels that connect the intracellular and extracellular space.55 There 

are three subtypes of Pannexin channels called Panx1, Panx2, and Panx3. Panx1 and Panx2 

are distributed in multiple brain regions, but Panx3 can only be found in osteoblasts and 

synovial fibroblasts.56,57 Panx1 is an important channel for ATP release, and it is mechanically 

sensitive.58 However, ATP release from Panx1 degenerates to adenosine extracellularly, so 

Pannexin channels could be another source of extracellular adenosine in the brain. 

 

1.1.5 Adenosine neuromodulation and diseases  

As a neuromodulator, adenosine plays different roles in the body and affects blood flow, 

heart rate, pain, and sleep. For example, adenosine modulates blood flow by vasodilation, 

which controls oxygen delivery and blood pressure.7,59 It also acts as a neuroprotector that 

inhibits other neurotransmitter release in the brain during injury, such as stroke.60 Adenosine 

neuromodulation influences many functions in the body, and adenosine concentration changes  

influence chemical energy available and neuronal activity.1 For instance, adenosine 

concentration significantly increases during hypoxia or ischemia, which indicates the 

neuroprotective role of adenosine during injury.60,61 In addition, several drugs that target 

adenosine receptors have been recently developed to treat neuronal diseases, such as 

epilepsy, traumatic brain injury, Parkinson’s disease, and Alzheimer’s disease.11 These 

treatments indicate that adenosine plays an important role in different brain diseases as a 

neuroprotective agent. 

1.1.5.1 Epilepsy 

Neurological disorders in the brain including adenosine dysfunction could lead to serious 

neurological diseases such as epilepsy.62 Upregulation of ADK in astrocytes reduces adenosine 
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concentration, which causes seizures and suggests that adenosine acts a potential 

anticonvulsant in the brain.63 Overexpressing ADK in transgenic mice brain tissue also produces 

epileptogenesis, but ADK-deficient stem cells suppress epileptogenesis.64 Therefore, 

extracellular adenosine in the brain prevents epilepsy, and drugs that target adenosine 

receptors, such as A1 receptor agonists, or suppress ADK, like ADK inhibitors, might help as 

epilepsy treatments.65 

1.1.5.2 Traumatic brain injury 

Traumatic brain injury (TBI) is a violent blow or jolt to the head or body that causes 

damage to brain cells.66 This injury in brain tissue leads to multiple diseases including epilepsy, 

blood vessel damage, memory loss, sleep disorders, and movement problems.67–69 During TBI, 

adenosine plays a role in neuroprotection. A previous study found that adenosine 

concentrations are significantly increased after TBI, and this concentration is related to the 

severity of the injury.70 Higher adenosine release causes inhibition of glutamate 

neurotransmission and inhibits inflammation.38 Mechanically-stimulated adenosine may also 

cause mild tissue damage since inserting the electrode into the brain tissue generates a large 

amount of adenosine release. However, these release mechanisms of mechanically-stimulated 

adenosine are still not clear because of the lack of knowledge on its formation. Therefore, 

characterization of the ranges of mechanically-stimulated adenosine modulation and the amount 

of adenosine release could provide a clearer understanding between mechanically-stimulated 

adenosine and injury. 

1.1.5.3 Parkinson’s disease 

Parkinson’s disease (PD) is a neurological disease caused by disorder in the central 

nervous system that mainly affects the motor system. There are many potential causes of PD, 

but many symptoms are due to dopamine loss, and both environmental influences and genetic 

mutations may also trigger it.71 Although we do not fully understand the causes of PD, there are 
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current drug treatments that target different types of receptors in the brain to help alleviate 

patient’s symptoms. Recently, A2A receptors have become a target of interest as a treatment for 

PD.72 In recent studies, dopamine deficiency was reduced by blocking A2A and D2 receptor 

interactions.46,73 Consequently, A2A receptor antagonists are being considered as potential 

candidates for PD treatment, and the A2A antagonist KW-6002 has been used in clinical trials.74 

1.1.5.4 Alzheimer’s disease 

Alzheimer’s disease is another common neurological disease caused by disorder in the 

nervous system that affects memory, cognition, and behavior. Alzheimer’s disease patients are 

usually over the age of 65 and suffer from cognitive deficits and memory loss.75 Amyloid beta 

(Aβ) is a small protein fragment of amyloid precursor protein (APP) that can aggregate and 

cause inflammatory responses that disrupt cellular communication.76 The accumulation of Aβ in 

the extracellular space is the major diagnostic clue for Alzheimer’s disease. Currently, 

adenosine receptors are actively being investigated as drug targets for Alzheimer’s disease, 

including caffeine, an A2A receptor antagonist, which prevents Aβ aggregation in mice. 77,78 

Thus, several drug development methods that target adenosine receptors are under 

investigation for the treatment of Alzheimer’s disease.  

1.1.5.5 Ischemia 

Brain ischemia is normally caused by insufficient blood flow to the brain. Adenosine 

levels significantly increase in the extracellular space during ischemia, which indicate that 

adenosine acts as a neuroprotector in the brain.61 Rapid adenosine release leads to the 

activation of A1 receptors, which inhibits excitatory synaptic neurotransmission to protect the 

brain during ischemia and reduces other presynaptic neurotransmitter release as a result.4,79 

Previous studies also found that ADK in astrocytic cells was downregulated after middle 

cerebral artery occlusion in the mouse brain.80 This also demonstrates that adenosine  

concentration increases due to ischemia. 
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In summary, adenosine regulates multiple biological functions and modulates 

complicated neurotransmission in the brain. However, adenosine neuromodulation is still not 

well characterized in real-time. In this thesis, I will investigate the mechanisms of adenosine 

neuromodulation, the pathways of adenosine formation, and the range of adenosine effects in 

real time.  

1.2  Rapid adenosine 

In 1993, Dunwiddie’s group discovered that adenosine responses are on the time scale 

of milliseconds to seconds using electrophysiology.17 Our lab started to investigate the 

mechanisms of rapid adenosine release in the brain in 2008, and we found that adenosine is 

released after electrical stimulation in the rodent brain. In addition, adenosine is also released 

by mechanical stimulation both in vivo and in brain slices.18,81–85 Recently, Zylka’s group found 

that adenosine was rapidly and spontaneously released in the rat brain, which spurred our 

group to extensively characterize spontaneous adenosine release.17,27,86 In this section, I will 

introduce the three types of rapid adenosine release: electrically-stimulated adenosine, 

mechanically-stimulated adenosine, and spontaneous adenosine. 

1.2.1 Electrically-stimulated adenosine 

Our lab first characterized electrically-stimulated adenosine in the caudate-putamen 

region. The rapid adenosine signal detected was around 1 µM and cleared in about 15 s.87 The 

transient signal was confirmed to be adenosine by pharmacological experiments using an 

adenosine kinase inhibitor, adenosine transport inhibitor, and a histamine synthetic precursor. 

Electrically-stimulated adenosine is regulated by A1 receptors. The A1 receptor agonist (N6-

cyclopentyladenosine) decreased stimulated adenosine and dopamine release, and the A1 

receptor antagonist (DPCPX) increased stimulated adenosine release.88 The concentrations of 

electrically-stimulated adenosine are variable in different brain regions; for example, the dorsal 
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caudate-putamen has the highest concentration (~340 nM), but in the cortex, the stimulated 

adenosine concentration is only around 40-80 nM. Electrically-stimulated adenosine was 

partially formed from ATP degeneration, and it is activity-dependent in the brain.83 

1.2.2 Mechanically-stimulated adenosine 

Mechanically-stimulated adenosine is another type of rapid adenosine release, which is 

generated by lowering the working electrode or a glass pipette nearby the working electrode into 

the brain tissue. Shear stress, or minor tissue damage, due to the electrode’s movement will 

cause adenosine release.84 Compared to electrical stimulation, mechanical stimulation is more 

reproducible in repeated experiments. Mechanically-stimulated adenosine has a much larger 

concentrations than spontaneous adenosine and lasts around 30 s, which is longer. 

Mechanically-stimulated adenosine is also activity-dependent and is mainly formed from ATP 

degeneration. Furthermore, mechanically-stimulated adenosine modulates the concentration of 

stimulated dopamine via A1 receptors in the caudate in brain slices.39 However, mechanically-

stimulated adenosine concentration is not influenced by ATP degeneration enzymes, such as 

CD39 or CD73, in knockout mice.89 Although lowering the electrode may cause some tissue 

damage, the stimulation can be repeated multiple times in a single area, which indicates the 

tissue is not dying. The mechanisms of mechanically-stimulated adenosine formation is still not 

known, and how the adenosine receptors modulate adenosine release has not been 

investigated. In addition, ATP is also rapidly released through Pannexin 1 channels into the 

extracellular space, which indicates Pannexin 1 could be a release channel for rapid adenosine 

formation. Pannexin 1 channels are also mechanosensitive and open when the plasma 

membrane stretches.58 These stimulated adenosine pathways are still not clear, and we have 

not investigated whether Pannexin 1 channels play a part in the pathway for mechanical 

stimulation. Further, the range of mechanically-stimulated adenosine affects in the brain have 

also not been characterized. Therefore, in this thesis, I will investigate the range and 



13 
 

mechanism of adenosine formation using knockout mice models and dual-channel FSCV in 

Chapters 2, 3, and 4.   

1.2.3 Spontaneous adenosine 

Transient adenosine is not only released by external stimulations in the brain, but 

adenosine is also released spontaneously. The concentration of spontaneous adenosine is 

smaller than the stimulated adenosine, normally 0.1 µM in brain slices.90 In addition, 

spontaneous adenosine only lasts few seconds and is randomly released in the brain. Using 

pharmacology and global knockout mice, our lab determined spontaneous adenosine is 

modulated pre-synaptically by A1 receptors and is dependent of CD39 and CD73.89,91 Because 

CD39 and CD73 are the enzymes that convert ATP to adenosine in the extracellular space, 

vesicular ATP release is the main source of spontaneous adenosine.10 Also, SCH442416, a A2A 

receptor antagonists, eliminated spontaneous adenosine release during ischemia/reperfusion in 

vivo.92 We also investigated how other receptors modulate spontaneous adenosine in vivo. For 

example, a glutamate NMDA antagonist enhanced the frequency and concentration of 

spontaneous adenosine, and the GABAB antagonist CGP 52432 (30 mg/kg i.p.) significantly 

decreased the number of adenosine release events.93 These results indicate spontaneous 

adenosine release is modulated by NMDA and GABA receptors. Spontaneous adenosine also 

shows some sex differences in the rat brain in vivo.89,94 However, how adenosine receptors 

modulate rapid adenosine itself is still not clear, and rapid ATP release channels, such as 

Pannexin 1, have not been investigated to understand rapid adenosine formation. 

In summary, we have characterized some of the mechanisms and functions of rapid 

adenosine in rodent brain models, but it is still unclear how adenosine receptors and Pannexin 1 

channel affect rapid adenosine. Therefore, we will investigate how A1 and A2A receptors 

modulate spontaneous adenosine and mechanically-stimulated adenosine using A1KO and 

A2AKO mice in Chapter 3. A Pannexin 1 KO mouse model is also used to investigate if Pannexin 
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1 channels are a part of the mechanism to release ATP that breaks down to form extracellular 

adenosine. In addition, the range of rapid adenosine release is first characterized in brain slices 

by dual-channel FSCV and the results are discussed in Chapter 4.  

 

1.3 Tools for neurotransmitter detection 

Neurotransmitters, like dopamine, serotonin, glutamate, and adenosine are important 

chemical messengers that regulate multiple biological functions. Dysfunction of neurotransmitter 

release causes many serious problems such as depression, Parkinson’s disease, and 

Alzheimer’s disease. Analytical tools have been developed for decades for neurotransmitter 

detection. For example, microdialysis combined with HPLC analysis is the traditional method for 

adenosine detection and provides measurement of multiple molecules, typically in the time 

frame of 10 minutes.16,95–97 Electrochemical techniques, including amperometry and fast-scan 

cyclic voltammetry (FSCV), are well-known for their real-time detection of neurotransmitters 

such as dopamine, serotonin, and adenosine.98–101 Recently, a new, analytical tool, genetically 

encoded sensors combined with high-resolution imaging have also been explored. The sensors 

provide high spatial resolution and selectivity for neurotransmitter detection.20,102–104 In this 

section, I will introduce these different tools for neurotransmitter measurement, especially their 

applications for adenosine and dopamine detection. 

1.3.1 Microdialysis for neurotransmitter detection 

 The traditional method of neurotransmitter detection is microdialysis. Microdialysis uses 

a 200-500 µm diameter probe to collect samples and combines the samples with HPLC to 

separate and analyze the dialysate.105 Microdialysis is coupled with separations and provides 

basal level concentrations of neurotransmitters in the brain, but it has limited temporal and 

spatial resolution.96 Normally, microdialysis detection occurs at minute to hour long time scales, 
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which limits the rapid measurement of neurotransmitters in real-time. The large probe size also 

causes cell damage to tissue in the brain.15,106 

1.3.2 Amperometry 

In order to enhance temporal resolution for real-time detection, electrochemical 

methods, like amperometry, were developed to monitor neurotransmitter release. In 

amperometry, electroactive analytes are oxidized by applying a specific potential, and electron 

transfer on the electrode (sensor) will cause a current change which is regarded as the signal 

for detection. However, amperometry has specific issues with selectivity, since some 

neurotransmitters like dopamine, serotonin, epinephrine, and ascorbic acid have similar 

oxidation potentials.107 Therefore, enzyme-based biosensors, conducting polymer-based 

biosensors, and aptamer-based electrodes have been developed for specific neurotransmitter 

detection.108–111 For example, Dale’s group developed an adenosine biosensor that entrapped 

xanthine oxidase, purine nucleoside phosphorylase, and adenosine deaminase on a platinum 

microelectrode using a derivatized pyrrole polymer.19 These enzymes selectively breakdown 

adenosine into uric acid and hydrogen peroxide. Then the hydrogen peroxide was detected on 

the sensor using amperometry, and the concentration of hydrogen peroxide is proportional to 

the adenosine concentration. The enzymes or DNA coating improve selectivity for the target 

analytes, and they also detect some nonelectroactive neurotransmitters, like glutamate, via 

electrochemical methods.112 However, the temporal resolution of biosensors is limited by the 

reaction between enzymes (or DNA structure) and analytes, and the thick coating layer on the 

sensor also limits the electron transfer rate. Moreover, the fabrication of micro-sized biosensors 

is more difficult than normal microelectrodes. However, amperometry has also been used to 

measure cell content. Recently, Ewing’s group used open carbon nanopipettes with vesicle 

impact electrochemical cytometry (VIEC) to count the number of neurotransmitters released via 
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a vesicle, which creates a new, exciting direction for exocytosis measurement using 

amperometry.113–115 

1.3.3 Fast-scan cyclic voltammetry (FSCV) 

 Fast-scan cyclic voltammetry (FSCV), combined with carbon-fiber microelectrodes 

(CFMEs), is another popular electrochemical technique for electroactive neurotransmitter 

detection in vitro and in vivo.98 The 7 µm diameter of a CFME limits tissue damage, and the 

carbon-based material limits the toxicity of electrode implantation. The traditional triangular 

FSCV waveform, termed the dopamine waveform, is normally used for dopamine 

measurement.98 Figure 1.3 A shows an example of the dopamine waveform applied to the 

CFME and scans from -0.4 V to 1.3 V and back to -0.4 V (vs. an Ag/AgCl reference electrode) 

with a scan rate of 400 V/s at 10 Hz. The fast scan rate not only gives millisecond temporal 

resolution, but also generates a huge background charging current. Therefore, background 

subtraction is needed to obtain the small faradic current change caused by dopamine detection, 

which is shown in a background subtracted cyclic voltammogram (CV) in Figure 1.3 B and C. 

The relatively unique CV offers better selectivity compared to amperometry. However, some 

neurotransmitters, such as dopamine, epinephrine, and norepinephrine, have similar chemical 

structures and are still difficult to distinguish by CV alone. Figure 1.3 D and E presents an 

example 3D false color plot for a 5 s injection of 1 µM dopamine followed by a PBS buffer 

washing. The x-axis is the time scale, the y-axis means shows the triangular voltage applied, 

and the false color represents the amount of current detected. The green color shows positive, 

oxidative current, while the blue color shows the negative, reductive current.  
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Figure 1.3 Example of dopamine detection via FSCV. A. FSCV dopamine waveform. The 
triangular waveform is applied on a CFME from -0.4 V to 1.3 V and back to -0.4 V at 400 V/s 
with a 10 Hz frequency. B. Example background cyclic voltammogram (CV). The black line is 
the background charging current for a CFME in PBS buffer (pH=7.4), the red line is the buffer 
with 1 µM dopamine. C. Background-subtracted CV of 1 µM dopamine. D. FSCV 3D current-
potential-time plot of 1 µM dopamine. E. Conventional false color plot with anodic peak current–
time trace of 5 s bolus injection of 1 μM dopamine. Figure re-print with permission from 
Puthongkham P, Venton BJ. Recent advances in fast-scan cyclic voltammetry. Analyst. 2020, 
145, 1087-1102  

 

Purinergic neuromodulators like adenosine require a higher oxidation potential than 

dopamine, therefore, the waveform’s switching potential extends to 1.45 V for adenosine 

detection as shown in Figure 1.4 A. Figure 1.4 B presents the color plot of the 5 s bolus injection 

of adenosine and the peak current-time trace is shown above. Adenosine has three oxidation 

steps, but normally only the first two steps are detected on CFMEs. In FSCV, the primary peak 

appears around 1.3 V on the cathodic scan, and the secondary peak occurs at 1.1-1.2 V on the 

anodic scan. Figure 1.4 C shows the background subtracted CV for adenosine with this 

waveform. Additionally, the secondary peak at 1.1 V makes adenosine CV different from 

hydrogen peroxide. The two-peak shape in the adenosine CV is the fingerprint for its 

measurement in vivo or ex vivo. 
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Other waveforms have also been explored to improve sensitivity or selectivity in FSCV 

measurements. For example, the Jackson waveform was designed for serotonin detection in 

order to selectively detect serotonin over other interferents like dopamine. Further, the fast scan 

rate of the Jackson waveform also decreased serotonin polymerization, which fouls the 

electrode surface and ruins accurate long term measurements.116 A sawhorse waveform was 

also explored to enhance the discrimination of adenosine, ATP, and hydrogen peroxide.117 

Figure 1.4 A. FSCV Adenosine waveform. B. The color plot with primary oxidation peak current-
time trace of 5 s bolus injection of 1 μM adenosine. C. Background charging current and the 
background subtracted CV of 1 μM adenosine in FSCV. 

 

1.3.3.1 Rapid adenosine with FSCV 

Rapid adenosine release in the brain requires fast detection, and is normally monitored 

by FSCV because of its high temporal resolution. Figure 1.5 and 1.6 show representative data 

for rapid adenosine detection with FSCV in the rodent brain.  
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Figure 1.5 shows example color plots of spontaneous adenosine release in vivo. Similar 

to previous flow cell data, the primary and secondary oxidation peaks in the color plot are the 

fingerprints for adenosine detection. The primary peak current vs time traces is located above 

the color plot. The average concentration of spontaneous adenosine is in hundreds of 

nanomolar range, ~600 nM. In addition, spontaneous adenosine is randomly released and only 

lasts a few seconds. The frequency and the concentration of spontaneous adenosine events are 

different in different brain region.90 

Figure 1.5 Example color plot of spontaneous adenosine release in vivo using FSCV. 
Concentration traces (top) and 3D color plot (bottom) for spontaneous adenosine detection in 
the hippocampus CA1 region. Adenosine transients are marked with stars in the concentration 
traces. The primary peak adenosine concentration is ~ 600 nM. Figure reprint with permission 
from Wang Y, Copeland J, Shin M, Chang Y, and Venton BJ. CD73 or CD39 Deletion Reveals 
Different Mechanisms of Formation for Spontaneous and Mechanically Stimulated Adenosine 
and Sex Specific Compensations in ATP Degradation. ACS Chem. Neurosci. 2020, 11, 6, 919–
928. 

Figure 1.6 is an example of mechanically-stimulated adenosine detection with FSCV. 

The color plots present two oxidation peaks for adenosine, and the CVs on the top present the 

‘fingerprint’ for adenosine. The positive current in the color plot around 0.5 V could be from ionic 

changes due to the stimulation.118 Mechanically-stimulated adenosine has a larger signal and 

lasts for 30-60 s, which is higher and longer than spontaneous adenosine. In addition, the 

concentration of mechanically-stimulated adenosine is smaller, and the duration is shorter in the 

brain slice model compared to in vivo measurements. The average concentration of 
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mechanically-stimulated adenosine could reach several micromolar in vivo, but the 

concentration of mechanically-stimulated adenosine in brain slices is only 0.5-1.0 µM. 

Figure 1.6 Mechanically-stimulated adenosine in rodent brain via FSCV. A. Mechanically-
stimulated adenosine detection in the prefrontal cortex (PFC) in a brain slice. Inset CVs on the 
top show both the primary peak at 1.4 V and secondary peak at 1.2 V that indicate the signal is 
adenosine. The concentration vs time trace shows the primary peak change with time. The 
green/purple in the center of the 3D color plot represent the two peaks for adenosine oxidation 
shown in the CV. B. Mechanically-stimulated adenosine release in PFC in vivo. 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. 

 

1.3.4 Multi-electrode measurements 

Electrochemical methods combined with microelectrodes provide good sensitivity and 

high temporal resolution, but a single microelectrode used to detect neurotransmitters in the 

brain limits spatial resolution which limits the ability to characterize the range and interaction of 

neurotransmitter release in the brain. Therefore, multi-electrode measurements are under 

development for simultaneous detection in different regions in the brain.99,119–121 For example, 

Wightman’s group implanted multiple CFMEs in different hemispheres of the brain to 
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simultaneously detect dopamine in vivo, and they found the coordination of dopamine transients 

across hemispheres.122 Sombers’ group also used two different enzyme-coated CFME to 

simultaneously detect electrically-stimulated glucose and lactate with FSCV.123 Further, Ewing’s 

group used microelectrode arrays (MEA) combined with amperometry to measure dopamine in 

a single cell.124 In addition, some research groups enhanced the density of detection sites by 

fabricating 16 microelectrodes to simultaneously monitor neurotransmitter in the brain.125,126 

Graybiel’s group used a chronically-implanted electrode array to monitor dopamine in the 

brain.127,128 Multi-electrode detection enhances the density of detection sites and also enables 

simultaneous detection on multiple compounds. However, multi-electrode detection has not 

been applied to adenosine measurement. Multiple channel detection will be useful for rapid 

adenosine measurement in the brain to characterize spatial resolution, and Chapter 5 will 

introduce the distance characterization on rapid adenosine release in brain slices using dual-

channel FSCV. 

1.3.5 Genetically-encoded sensors 

Genetically-encoded sensors have become popular recently because of their high 

spatial resolution and selectivity. By using genetic engineering tools, part of the specific G 

protein-coupled receptor (GPCR) is replaced with a conformationally sensitive circularly 

permutated GFP (cpGFP).129 The engineered protein inherits the binding affinity and 

pharmacological properties, which are important for endogenously released transmitter 

detection. Combined with fluorescence imaging, genetically-encoded sensors show high 

selectivity and spatial resolution to monitor neurotransmitter release. Because the signal 

detection comes from the binding between neurotransmitters and the modified GPCRs, this 

technique enables the direct detection of nonelectroactive species such as ACh and enhances 

the selectivity of catecholamine detection, which is a limitation with electrochemistry. Recently, 

multiple types of genetically encoded sensors have been developed for in vivo and ex vivo 
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experiments. For example, genetically encoded ACh sensors, GRABACh2.0 was successfully 

applied in the brain for in vivo and ex vivo Ach studies.130 Furthermore, Yulong Li’s group 

optimized the ACh sensor (GRABACh3.0) that showed better performance for Ach detection. 

GRAB sensors were successfully designed and used for dopamine, serotonin, adenosine, and 

glutamate detection in the rodent brain.20,102,131–133  

Although genetically-encoded sensor measurements are visible and more selective in 

the brain, there are still some limitations due to how they were designed. Because the 

fluorescence signal comes from specific receptor binding, pharmacology experiments that target 

the same receptors are competitive with the aimed neurotransmitters and influence 

fluorescence results. Another drawback is the time resolution of clearance. The GRAB sensors 

are designed to have a strong binding affinity in order to have a high sensitivity, and the high Kon 

rate results in slower neurotransmitter clearance from the sensor, which limits the temporal 

resolution. In addition, fluorescence-based sensors are limited by color (normally only green or 

red), which makes it difficult for the GRAB sensors to simultaneously measure different 

neurotransmitters. The combination of GRAB sensors and FSCV will provide multiple analyte 

simultaneous detection in real-time with good spatial resolution, and the multiplex techniques 

will be able to monitor the interaction between different neurotransmitters in the future. GRAB 

sensors will provide the ability to image active sites and the detect nonelectroactive 

neurotransmitters. Meanwhile, FSCV provides fast temporal responses with both concentration 

information and multiple neurotransmitter detection. Chapter 6 proposes the future direction of 

this work and combines these techniques for multiple neurotransmitter detection. 

1.4 Carbon-based microelectrode optimization 

Caron fiber microelectrodes combined with FSCV have been used to probe 

neurochemical dynamics in vivo for decades.98 They show good sensitivity and the 7 µm 

diameter of a CFME has less damage in the tissue. However, a CFME still possess several 
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limitations. The sensitivity of microelectrodes still need to improve to detect lower concentrations 

of neurotransmitters or neuropeptides.99 Further, the selectivity of CFMEs is limited due to the 

similar CVs of different neurotransmitters. Biofouling is another common problem for 

neurochemical detection in complex tissues that limits the electrode surface area available and 

disturbs electron transfer kinetics, which reduces the sensitivity and accurate detection during in 

vivo measurements. The size of CFMEs is another hinderance, and new CFMEs will need to 

approach nanometer ranges for synaptic measurements. Thus, there are several strategies to 

optimize carbon-based microelectrodes to enhance their detection performance, such as carbon 

nanomaterials grown on micro-sized metal wires, 3D printed microelectrodes, and nanomaterial-

coated CFMEs. 

1.4.1  Carbon-based nanomaterials on metal wires 

The advantage of growing carbon nanomaterials on an electrode via chemical vapor 

deposition (CVD) is that the pure nanoparticles can fully and evenly cover the electrode surface. 

Different types of microelectrodes by directly growing carbon nanoparticles on metal wires to 

improve dopamine detection. For example, carbon nanotubes (CNTs) and carbon nanospikes 

(CNSs) have been directly grown on metal wires and fabricated as cylinder microelectrodes for 

dopamine detection with FSCV.134,135 The larger surface area and increased surface roughness 

enhance their performance for dopamine detection compared to a CFME.136 In addition, the 

metal wire tip can reach nano-scale sizes by electrochemical etching, and carbon nanospikes 

can be fabricated with this method.137 3D printing techniques have also been developed to 

reach micro and even nanoscale resolution, and they allow different shape designs. After 

printing and carbonizing the polymer, the printed electrode provides good electrochemical 

performance for dopamine detection in vitro and in vivo.138 All these carbon-based electrodes 

show good performance and further applications for neurotransmitter detection. However, their 



24 
 

fabrication steps are still more complicated than CFMEs, and they require expensive 

instruments, which currently limit their development and mass fabrication.  

1.4.2 Surface treatment techniques to improve microelectrode performance 

Additionally, there are other surface treatments that can be applied directly onto the 

microelectrode to improve its performance.99,139 Many of these methods etch the carbon surface 

to generate more defect sites for dopamine adsorption and enhance its sensitivity. Alternatively, 

etching is also used to achieve a smaller electrode size, such as a nano-sized needle. For 

example, applying a constant 2.0 V potential on a CFME in KOH solution significantly enhances 

dopamine sensitivity due to increased oxygen functional groups on the electrode surface.140 In 

addition, the base treatment also peels off the electrode surface, which can be useful for surface 

cleaning after the electrode is fouled in tissue experiments. The Sombers’ group also used base 

treatments to etch the CFME to fabricate nano-sized carbon fiber electrodes, and the tip could 

be etched to several hundreds of nanometer in diameter.141 The size of a flame-etched CFMEs 

also reaches several hundreds of nanometers, and these nanoelectrodes have been 

successfully used for single-cell measurement.114,115,142 Oxygen plasma treatment is another 

useful technique that increases oxygen functional groups on the surface to improve sensitivity. 

For example, CNT yarn microelectrodes enhance dopamine sensitivity by three-fold after 

oxygen plasma etching with a microwave plasma system with oxygen gas flow.143  

1.4.3  Carbon Nanomaterial-coated CFMEs to improve performance 

Carbon nanomaterials and metal nanomaterials are mainly used for CFME modification 

to enhance the electrode’s performance. The nanoparticles on the electrode surface increase 

the surface area and available reactive sites for electroactive analyte adsorption to improve the 

sensitivity of microelectrodes in FSCV. For example, gold and platinum nanoparticles were 

recently coated on CFMEs and showed increased surface area and a higher density of states 

on the electrode surface, which increased the sensitivity and electron transfer rate for dopamine 
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compared to bare CFMEs.144 However, the toxicity of metal nanoparticles in live tissue is still not 

fully clear, and it might not as safe as carbon-based nanomaterials. Therefore, in this section, 

carbon-based nanomaterials are mainly discussed for improving CFME performance. The 

methods of coating nanomaterials on a CFME are relatively easier than growing nanomaterials 

on a metal wire, but the surface coverage and the amount of coating are difficult to control.  

Carbon nanomaterials such as graphene, carbon nanotubes (CNTs), and nanodiamond 

are broadly used for electrode and sensor modifications. Figure 1.7 shows the structure of some 

commonly used carbon nanomaterials. CNTs are considered as graphene rolled into a tube 

structure, and they have been used for surface coating on conventional electrodes such as 

glassy carbon and carbon-fiber microelectrodes to enhance the electrode performance.145 CNTs 

provide more surface area and roughness to the electrode and also improve electrode kinetics 

due to their electrocatalytic effects.146 The electrocatalytic effects of CNTs might come from 

small metal particles, like Ni, that remain during CNT synthesis. Besides CNTs, carbon 

nanohorns (CNHs) are another similar carbon nanomaterial that can be electrodeposited onto a 

CFME. Our lab showed that CNHs modified CFMEs enhance dopamine sensitivity over two-

fold.147 

Diamond is a different type of stable, sp3 carbon that acts as an insulator.148,149 However, 

by doping defects on the diamond structure, diamond derivates provide some unique 

electrochemical properties. For example, boron-doped diamonds (BDDs) are broadly used as a 

standard electrode in electrochemistry due to the stability and wide potential window of 

diamonds.150 In addition, the diamond structure is mainly H-terminated, and fewer surface 

functional groups enhance the anti-fouling property on diamond electrodes. Further, 

nanodiamond is a nano-sized diamond that is sp3 hybridized with sp2 defects and some oxygen-

functional groups.151 The defects and sp2 nature of nanodiamond improve the electrochemical 

performance compared to BDD electrodes, and their ability to disperse in water makes it easier 
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to coat them on an electrode’s surface. Our lab previously drop-casted nanodiamond on 

CFMEs, which provided higher sensitivity for dopamine detection and better anti-fouling 

property compared to a bare CFME.152 

Carbon quantum dots (CQD) or graphene quantum dots (GQD) are sp3-carbon 

nanoparticles that contain multiple oxygen functional groups with spherical structures.148,153 The 

high surface area and abundant oxygen functional groups provide good sensitivity for dopamine 

detection, and electrodes modified by CQD improved the sensitivity and electrocatalytic 

properties for dopamine detection.154  

Graphene is a 2D structured carbon nanomaterial that is considered a single layer of 

graphite.155 Due to the difficulty of obtaining a single-layer structure, multiple layers that are less 

than 10 layers of graphene are also regarded as graphene materials. Pure graphene has very 

good conductivity because of the sp2 hybridized carbon, and the large π-π stacking force makes 

graphene easy to aggregate. Moreover, multiple-layer graphene has many edge-planes, which 

could be oxidized to generate defects, and these defects are good for dopamine detection in 

electrochemistry.156–158 Therefore, graphene and its derivatives, like graphene oxide, are 

popular for electrode surface treatment. For example, reduced graphene oxide (rGO) has been 

used as an electrode coating to enhance sensitivity.159,160 Also, graphene oxide (GO) is broadly 

used for enzyme immobilization on biosensor fabrications.108,157 Graphene oxide is a potential 

nanomaterial for CFME modification because it has more functional groups for dopamine 

adsorption, good conductivity, and a huge surface area. The abundant oxygen functional groups 

also improve the hydrophilicity of GO, and its ability to disperse in water simplifies the electrode 

coating process. 

In summary, previous research indicates that nanomaterial modified CFME provide 

better performance for dopamine detection by increasing the surface area with defects as 

functional groups. However, no directly coated GO on CFME has been investigated. Chapter 5 
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will discuss how different coating methods influence the GO modified CFME surface and 

optimize the GO/CFME to improve dopamine detection in a flow cell and mouse brain slice. 

 

Figure 1.7 Structure of carbon nanomaterials. Graphene, carbon nanotube (CNT), carbon 
quantum dots (CQD), and Nanodiamond.148 

 

1.5 Overview of the dissertation 

FSCV combined with CFMEs has been used for real-time neurotransmitter detection for 

several decades; however, there are still some limitations such as the microelectrode’s 

performance and poor spatial resolution. This dissertation explores different methods that 

characterize the mechanisms of rapid adenosine in mouse brain slices and investigates 

improvements to the microelectrode to enhance its performance.  

For several years, our lab has investigated the mechanisms of rapid adenosine release 

in the mouse brain, but we still need more characterizations to understand the role of rapid 

adenosine in the brain. Traditionally, pharmacology studies are applied in brain slices to 

characterize the mechanisms of adenosine release. However, some of the drugs are not 

perfectly selective and might inhibit or stimulate undesired receptors. Therefore, this dissertation 

uses different types of knockout mice models to investigate rapid adenosine neuromodulation 

pathways in mouse brain. Chapter 2 investigates how adenosine A1 and A2A receptors modulate 

rapid adenosine release in mouse brain slices using global A1 knockout mice and A2A knockout 

mice (wild type C57BL/6J (WT) mice were used in control experiments). The results indicate 
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that A1 and A2A receptors modulate spontaneous adenosine in a different way, but they do not 

influence the amount of mechanically-stimulated adenosine release. Chapter 3 explores the 

extent to which the Pannexin 1 channel acts as a source of rapid adenosine release using 

Pannexin 1 knockout mice.  A non-specific inhibitor of pannexin and connexin channels, 

carbenoxolone, is applied on WT mice to determine the other gap junction proteins’ influence on 

rapid adenosine release. Pannexin 1 channels do not impact spontaneous adenosine release, 

but partially influence the concentration of mechanically-stimulated adenosine release in the 

CA1 region. 

Second, in order to characterize the range of rapid adenosine release that could 

potentially affect the brain, dual-channel FSCV was applied to simultaneously monitor rapid 

adenosine in the CA1 region at different distances. Chapter 4 shows how simultaneous 

detection characterizes the range of rapid adenosine neuromodulation. Mechanically-stimulated 

adenosine was detectable within a 200 µm range, but spontaneous adenosine release was 

random and localized in the CA1 region. Only few spontaneous adenosine events might release 

coordinately.  

Finally, carbon nanomaterial coatings were applied to enhance the microelectrode’s 

performance for neurotransmitter detection. Chapter 5 compares different coating methods to 

optimize graphene-oxide (GO) modified CFME for dopamine detection. GO particles increase 

the surface area and provide more oxygen functional groups to enhance dopamine adsorption. 

Drop casting, dip coating, and electrodeposition are three basic coating methods for 

nanomaterial coating. For GO modified CFME, electrodeposition shows the best reproducibility 

and produces relatively smooth coating. In contrast, with drop casting, it is difficult to coat a 

single layer on the surface, and GO particles easily aggregate due to π-π stacking. The 

aggregation of GO on the surface slows down electron transfer kinetics and generates more 

noise. Therefore, the optimized application method is electrodeposition of GO directly on the 
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CFME, which provides a 2-fold sensitivity increase for dopamine detection. Moreover, the 

modified microelectrode is able to be applied in mouse brain slices for dopamine detection. 

Overall, this dissertation uses different experimental designs to investigate the 

mechanisms of rapid adenosine release in a mouse brain slice model, and also optimizes the 

carbon-fiber microelectrode by using carbon nanomaterial modification that is applied in a brain 

slice for real-time dopamine detection. In the future, different types of carbon-based 

microelectrodes could be applied in a brain slice to simultaneously monitor dopamine release 

via multiple channel FSCV, and this comparison in complex tissue will provide more useful 

information on different microelectrodes for further applications. In addition, chapter 6 also 

introduces the future direction of multiplexing analytical tools to simultaneously monitor 

neurotransmitters in the brain. Combining FSCV with GRAB sensors will not only expand their 

ability to monitor neurotransmitter interactions, but also enhance spatial resolution. It is difficult 

to characterize how rapid adenosine modulates other neurotransmitter release in the brain via a 

single analytical tool (FSCV or GRAB sensors). However, simultaneous detection with 

multiplexed analytical tools will reveal more information on neurotransmitter interactions in the 

brain in real-time. By understanding the mechanisms of rapid adenosine release, new therapies 

that affect adenosine neuromodulation can be investigated in the future to treat several 

debilitating neurological diseases.  
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Chapter 2  

A1 and A2A receptors modulate spontaneous adenosine 

but not mechanically-stimulated adenosine in the caudate 
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Abstract 

 Adenosine is a neuromodulator and rapid increases in adenosine in the brain occur 

spontaneously or after mechanical stimulation. However, the regulation of rapid adenosine by 

adenosine receptors is unclear, and understanding it would allow better manipulation of 

neuromodulation. The two main adenosine receptors in the brain are A1 receptors, which are 

inhibitory, and A2A receptors, which are excitatory.  Here, we investigated the regulation of 

spontaneous adenosine and mechanically-stimulated adenosine by adenosine receptors, using 

global A1 or A2A knockout mice. Results were compared in vivo and in brain slices models.  

A1KO mice have increased frequency of spontaneous adenosine events, but no change in the 

average concentration of an event, while A2AKO mice had no change in frequency but increased 

average event concentration. Thus, both A1 and A2A self-regulate spontaneous adenosine 

release, but A1 acts on the frequency of events, while A2A receptors regulate concentration.  The 

trends are similar both in vivo and slices, so brain slices are a good model system to study 

spontaneous adenosine release.  For mechanically-stimulated adenosine, there was no effect of 

A1 or A2A KO in vivo, but in brain slices there was a significant increase in concentration evoked 

in A1KO mice. Mechanically-stimulated release was largely unregulated by A1 and A2A 

receptors, likely because of a different release mechanism than spontaneous adenosine.  Thus, 

A1 receptors affect the frequency of spontaneous adenosine transients and A2A receptors affect 

the concentration, so future studies could probe drug treatments targeting A1 and A2A receptors 

to increase rapid adenosine neuromodulation. 
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2.1 Introduction 

 Adenosine plays an important role in the brain as a neuromodulator and a 

neuroprotector.1–10 There are four known adenosine receptors, A1, A2A, A2B and A3 receptors, 

which are G protein-coupled receptors, but A1 and A2A receptors are the most prevalent 

receptors responsible for adenosine modulation in the brain.11–14 A1 receptors are the most 

abundant in the brain and inhibit neurotransmission by blocking adenylyl cyclase activity, while 

A2A receptors, the second most abundant receptor type, are excitatory, activating adenylyl 

cyclase activity.15 Adenosine receptors, particularly A2A receptors, are located on blood vessels 

and modulate blood flow and oxygen consumption.16,17 Moreover, adenosine receptors are also 

expressed on many neurons and regulate other neurotransmitters in the brain. For example, A1 

and A2A receptors modulate synaptic release of glutamate, acetylcholine, serotonin, and 

GABA.1,2,18–20 A1 and dopamine D1 receptors form heteromers as well as A2A and D2 receptors 

and they therefore modulate dopamine signaling.21 However, it is still not clear how adenosine 

A1 and A2A receptors self-regulate adenosine release. 

 Traditionally, concentration changes of extracellular adenosine have been investigated 

on the minute to hour time scale.22–24 However, electrophysiology experiments in Dunwiddie’s 

group showed rapid signaling of adenosine, on the timescale of milliseconds to seconds.25 

Spontaneous, transient adenosine signaling was recently measured by fast scan cyclic 

voltammetry, lasting only few seconds.9,16,26,27 Transient adenosine is activity dependent, and 

dependent on CD73, an enzyme that converts AMP to adenosine, suggesting spontaneous 

adenosine is vesicularly released as ATP and broken down in the extracellular space.9,22,26,28–33 

The frequency of spontaneous release is increased by DPCPX, an A1 receptor inhibitor34 and 

DPCPX also increases electrically-stimulated adenosine release.35 The A2A receptor antagonist, 

SCH 442416, eliminated the increase in adenosine and oxygen events during cerebral 

ischemia/reperfusion (I/R) in vivo.36 Another mode of rapid adenosine release is mechanically-

stimulated release, whereby moving a pipette or an electrode in the brain causes rapid 
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adenosine release.37 Mechanosensitive adenosine release is not dependent on CD73 and thus 

it may have a different mechanism of formation than spontaneous adenosine.29,30,37 

Mechanosensitive ATP release has been discovered in the brain due to swelling, mechanical 

perturbation, and shear stress.38 Thus, while moving the electrode is an easy way to 

experimentally cause release, mechanically-stimulated adenosine is biologically relevant to  

physical damage the brain can suffer, such as from shear stress.37 While adenosine can also be 

electrically stimulated, mechanically-stimulated adenosine is more reproducible.35,39 However, 

little is known about how adenosine receptors modulate mechanically-stimulated adenosine.    

       Previous studies used pharmacology to understand the regulation of adenosine by 

blocking different receptors, but drugs cannot block or excite all receptors, and drugs must cross 

the blood-brain barrier to be utilized in vivo. Thus, genetically-altered mice provide an alternative 

to understand the global effects of receptors on adenosine regulation.  Studies using A1 

knockout (A1KO) and A2A knockout (A2AKO) mice have revealed the importance of these 

receptors for adenosine regulation.40–42 For example, mice lacking adenosine A1 receptors 

showed decreased hypoxic neuroprotection and an increased renal injury following ischemia 

and perfusion.40,42–44 A2AKO mice have less exploratory activity, more anxiety, and are less 

sensitive to depressant challenges than wild-type mice; moreover, A2AKO mice have an 

attenuated response to focal ischemia, suggesting that removing A2A receptors is 

neuroprotective.45–47 Adenosine receptor knockout mice were also used to investigate 

adenosine-dopamine interactions, and A2A-mediated neural functions are partially independent 

of D2 receptors.21,48  However, spontaneous, transient adenosine or mechanically-evoked 

adenosine events have not been measured in A1 or A2A KO mice.  

       In this study, we investigated whether adenosine receptors regulate spontaneous 

transient adenosine and mechanically-stimulated adenosine release in vivo and in brain slices 

using global knockout mice. Brain slice experiments are a useful biological model that bypasses 

the blood-brain barrier, however, spontaneous and mechanically-evoked adenosine events 
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have not been directly compared between brain slice experiment and in vivo measurements. 

Data was collected in the caudate-putamen region in wild-type (C57BL/6), A1KO, and A2AKO 

mice. Both in vivo and brain slice results show A1KO mice had an increased frequency of 

spontaneous adenosine events, without changing the mean concentration of each adenosine 

transient event.  A2AKO mice had no change in spontaneous adenosine event frequency but an 

increase in concentration.  For mechanically-evoked adenosine, there was no significant 

difference in concentration in vivo, but in brain slices, A1KO mice had a significantly higher 

concentration compared to wild-type mice. Overall, A1 and A2A receptors self-regulate 

spontaneous adenosine but self-regulation is less evident for mechanically-evoked release.  

Differential regulation of different modes of adenosine release may be useful to develop 

strategies that specifically target spontaneous adenosine to harness its neuromodulatory 

effects.    

2.2 Experimental Section 

2.2.1 Chemicals 

      Artificial cerebral spinal fluid (aCSF) consisted of 126mM NaCl, 2.5 mM KCl, 1.2 mM 

NaH2PO4, 2.4 mM CaCl2 dihydrate, 1.2 mM MgCl2 hexahydrate, 25 mM NaHCO3, 11 mM 

glucose, and 15 mM tris(hydroxymethyl) aminomethane and was adjusted to pH 7.4 before the 

experiment. Adenosine was purchased from Acros organics (Morris Plains, NJ, USA) and 

dissolved in 0.1 M HClO4 for 10 mM stock solution. Stock solutions was diluted to 1 µM in aCSF 

for the electrode post calibration after brain slice or in vivo experiments. 

 

2.2.2 Electrochemistry 

      Cylinder carbon-fiber microelectrodes were fabricated as described previously.49 Briefly, 

electrodes were made by vacuum-aspirating a T-650 carbon fiber (7 µm diameter, Cytec 

Engineering Materials, West Patterson, NJ) into a glass capillary and pulling into two electrodes 
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by an electrode puller (model PE‐21, Narishige, Tokyo, Japan). The pulled electrode tip was cut 

to 50-100 µm long for brain slice experiment and 150-200 µm long for in vivo experiment. Cyclic 

voltammograms were collected using a ChemClamp (Dagan, Minneapolis, MN, USA) with 

HDCV (UNC Chemistry, Chapel Hill, NC, USA). The electrode was scanned by a triangular 

waveform from -0.4 V to 1.45 V with a frequency of 10 Hz at 400 V/s. Electrodes were calibrated 

after the experiment by testing their response to 1 µM adenosine in a flow cell and a calibration 

value obtained (in nA/ µM) that was used to convert currents to concentrations.   

  

2.2.3 Brain Slice experiments 

      All animal experiments were approved by the Animal Care and Use Committee of the 

University of Virginia. C57BL/6 mice (6-8 weeks old, Jackson Lab), A1 receptor knockout mice 

and A2A receptor knockout mice (6-8 weeks old, obtained from Dr. S. Jamal Mustafa, West 

Virginia University) were housed in a vivarium and given food and water ad libitum. Mice were 

anesthetized with isoflurane and beheaded immediately. The mouse brain was removed within 

2 min and placed in 0–5°C artificial cerebral spinal fluid (aCSF) for 2 min for recovery. Four 

hundred-micrometer coronal slices of the caudate–putamen were prepared using a vibratome 

(LeicaVT1000S, Bannockburn, IL, USA), and transferred to oxygenated aCSF (95% oxygen, 5% 

CO2), to recover for an hour before the experiment. aCSF (maintained at 35–37°C) flowed over 

the brain slices using a perfusion pump (Watson-Marlo 205U, Wilmington, MA, USA) at a rate of 

2 mL/min for all experiments. Spontaneous adenosine transients were measured by inserting 

the electrode about 75 µm into the tissue and collected 1 h data after 10 min equilibrium. 

Mechanical stimulation experiments were performed by lowering the electrode 50 µm every 30 

minutes. The electrode was placed in the caudate-putamen (AP +1.1 mm, ML + 1.5 mm, and 

DV -3.0 mm, scheme is shown in Figure 1). Only one slice was used per animal, so all n values 

are different animals.  
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2.2.4 In vivo experiment 

      All experiments were approved by Animal Care and Use Committee of the University of 

Virginia. C57BL/6 mice (6-8 weeks old, Jackson Lab), A1 receptor knockout mice, and A2A 

receptor knockout mice (6-8 weeks old, both KO obtained from Dr. S. Jamal Mustafa, West 

Virginia University)50,51 were housed in a vivarium and given food and water ad libitum. Both of 

the KO mice are on the C57B background and that is the standard control mouse used for 

studies of their function.50,51  Mice were anesthetized by flowing 4% isoflurane in 100% oxygen 

for induction and maintained with 1.5-3% in 100% oxygen via a facemask (Stoelting, Wood 

Dale, IL, USA), tail pinch to ensure that anesthesia is complete and sustained. Isoflurane levels 

were adjusted to until loss of righting reflex was observed. The mouse was laid on a heating pad 

maintaining the temperature around 37 ºC. The surgical site was shaved, the skull was 

exposed, and a hole drilled that allowed the placement of the electrode in the caudate-putamen 

(AP +1.1 mm, ML + 1.5 mm, and DV -3.0 mm, scheme is shown in Figure 1). Bupivacaine (0.10 

mL, APP Pharmaceuticals, Schaumburg, IL, USA) was applied under the skin for local 

anesthesia before drilling the skull. Spontaneous adenosine transient events were measured for 

4 h total and mechanically-stimulated adenosine events were measured by lowering the 

electrode 100 µm every 15 minutes. 

2.2.5 Statistics 

      Spontaneous adenosine transients were identified and characterized by an automated 

algorithm and adenosine transients were confirmed by an analyst to exclude any signals that 

were not adenosine, the duration results were determined at half-height of the primary peak.52 

All statistics were performed by using GraphPad 8 (GraphPad Software Inc., San Diego, CA, 

USA). All data are shown as mean ± SEM. Statistical significance was designated at p < 0.05. 
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Figure 1 Caudate-putamen (AP +1.1 mm, ML + 1.5 mm, and DV -3.0 mm). The scheme of the 
position where the electrode was placed in vivo and brain slices. 
 

2.3 Results  

In this study, spontaneous and mechanically-stimulated adenosine release were 

compared in wild type mice (C57BL/6), A1KO, and A2AKO mice. All experiments were performed 

in the caudate-putamen, which has abundant A1 and A2A receptors,53  and two model systems 

were compared: brain slices and anesthetized mice. The hypothesis is that the frequency or 

concentration of adenosine will change in the knockout mice if A1 or A2A receptors self-regulate 

adenosine. 
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2.3.1 Spontaneous Adenosine Release 

2.3.1.1 Brain slice measurements  

Brain slice experiments are easier than in vivo studies, especially for pharmacology 

studies, where there is no blood-brain barrier.22,26 Figure 2 shows example color plots for 

spontaneous adenosine release in brain slices of control, A1KO and A2AKO mice.  The color 

plots display the results in 3 dimensions, with potential on the y-axis, time on the x-axis, and 

current in false color. The green/purple circles in the center represent the primary adenosine 

oxidation peak (at 1.4 V), and the green/purple circles slightly below (at 1.0 V) is the secondary 

oxidation peak of adenosine. The concentration vs time graphs on top plot show the change of 

primary adenosine peak, which is converted to concentration using a calibration factor. Starred 

peaks were identified as spontaneous adenosine release via our automated algorithm.52 Wild 

type (Fig. 2A) has fewer events than either A1KO (Fig. 2B) or A2AKO (Fig. 2C), and A1KO has 

the highest number of spontaneous adenosine events.  

Figure 2 Examples of spontaneous adenosine release in brain slices. Top: concentration vs 
time trace, with stars indicating the peak was identified as spontaneous adenosine release by 
our automated algorithm. Bottom: 3-D color plot of spontaneous adenosine release in three 
different types of mice. A. Wild type, B: A1KO, and C: A2AKO. 
 

Figure 3 compares average data for spontaneous adenosine events in brain slices 

among different genotype mice. Figure 3A shows the number of spontaneous events for one-

hour measurement and there is a significant main effect of genotype (One-way ANOVA, p= 
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0.023, n=8-9 brain slices); A1KO mice have significantly more spontaneous events than wild 

type mice (Tukey’s multiple comparisons, p<0.05). However, the number of spontaneous 

adenosine events is not significantly different between wild type and A2AKO mice (Tukey’s 

multiple comparisons, p>0.9999). Inter-event time is the time between two consecutive 

transients and is a measure of the frequency of adenosine events. Figure 3B shows the 

distribution of inter-event times in a histogram, with relative frequency of each bin on the y-axis 

and inter-event time on the x-axis (times were binned in 50 s bins).  There is a main effect of 

genotype (Kruskal-Wallis test, p<0.0001, n=8-9 brain slices), with a higher frequency of events 

in A1KO mice than wild type mice or A2AKO mice (Dunn's multiple comparisons test, A1KO vs 

WT: p=0.0019, A1KO vs A2AKO: p<0.0001). There is no significant difference in inter-event time 

distribution between WT and A2AKO mice (p>0.99). Figure 3C shows the mean concentration of 

the first 10 spontaneous adenosine events from every slice (the first 10 are used in order to 

avoid the overrepresentation of some animals which have more transients). There is a 

significant main effect of genotype (One-way ANOVA, p=0.0004, n=80 transients/genotype) with 

A2AKO mice having a significantly higher concentration than wild type or A1KO mice (Tukey’s 

multiple comparisons, WT vs A2AKO: p=0.0016, A2AKO vs A1KO: p=0.0019) but there is no 

significant difference between wild type and A1KO mice (p=0.99). Fig. 3D shows duration, which 

is defined as peak width at half height, and there is a main effect of genotype (One-way 

ANOVA, p=0.026, n=8-9 brain slices). A2AKO mice have a shorter average duration compared 

to the other two genotypes (Tukey’s multiple comparison, A2AKO vs WT p=0.0463, A2AKO vs 

A1KO p=0.043) and there is no significant difference between WT and A1KO (p=0.99). The 

concentration and duration distributions also proved that A2AKO mice have a higher 

concentration and shorter duration (Figure 4). 
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Figure 3. Spontaneous adenosine measurement in brain slices. A. Number of spontaneous 
adenosine events varies by genotype (One-way ANOVA, overall p=0.023, n=8-9 brain slices, 1 
slice per animal). B. Inter-event time histogram (50 s bins) of all adenosine transients (Kruskal-
Wallis test, overall p<0.0001). C. Mean concentration of first 10 spontaneous adenosine release 
in every slice. (One-way ANOVA, Tukey’s multiple comparisons, overall p=0.0004, 80 transients 
in each genotype, **p<0.01, n=8 brain slices, 1 slice per animal) D. Average duration of 
spontaneous adenosine release (One-way ANOVA, Tukey’s multiple comparisons, overall 
p=0.026) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, error bars are SEM. WT=wild type 
C57BL/6 mice. 
 

Figure 4 Spontaneous adenosine concentration (A) and duration (B) distribution in brain slice. 
(A) The concentration histogram of spontaneous adenosine in all genotypes. (0.1 µM bins) of all 
adenosine transients (Kruskal-Wallis test, overall p=0.0124). (B) The duration histogram of 
spontaneous adenosine in all genotypes. (2 s bins) of all adenosine transients (Kruskal-Wallis 
test, overall p<0.0001). *p<0.05, ****p<0.0001, n=8 slices, one slice per animal. 
 

 



54 
 

2.3.1.2 In vivo measurements 

In order to confirm that the brain slice model is reliable for spontaneous adenosine 

measurements, we also measured spontaneous adenosine release in vivo in anesthetized mice. 

Since experiments can last longer in vivo, spontaneous adenosine was measured for four hours 

in each mouse.  

Figure 5 shows examples of spontaneous adenosine measurements in vivo. In the 

example data, the number of transients is higher in A1KO mice than WT or A2AKO mice, and the 

concentration of adenosine transients in A2AKO mice is higher than the other two genotype 

mice. The trend for number of transients in WT mice is the same for in vivo measurements as in 

brain slice measurements, with fewer transients in WT mice and more transients in A1KO. 

However, in vivo data has higher concentration adenosine events than the brain slice 

experiment. Moreover, the number of spontaneous adenosine is more stable in vivo during the 

entire duration of the experiment, but most spontaneous adenosine in brain slice experiment 

happens during the first 30-45 minutes because of the difficulty of synthesis in brain slices.22 In 

slices, adenosine synthesis is not as well maintained without the addition of adenine and ribose, 

but adenine can’t be added in FSCV experiments because it is electroactive, so experiments 

are kept to one hour.54 

Figure 5 Examples of spontaneous adenosine release in vivo. Top concentration vs time traces, 
with stars indicating the peak was identified as spontaneous adenosine release by our 
automated algorithm. Bottom: 3-D color plots of spontaneous adenosine release. A. Wild type, 
B: A1KO, and C: A2AKO.  
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Figure 6 shows averaged results of spontaneous adenosine measurements. For the 

average number of spontaneous adenosine events (Fig. 6A), there is a significant main effect of 

genotype on the number of transients (One-way ANOVA, main effect p=0.0026, n=8 animals). 

A1KO mice have a significantly higher number of events compared to wild type mice (Tukey's 

multiple comparisons test, p=0.0019) but were not statistically different than A2AKO (p=0.074). 

The average number of spontaneous adenosine events in A2AKO mice is not significantly 

different than wild type mice (p=0.24). Figure 6B shows the distribution of inter-event times, with 

data binned in 50 s intervals and there is a main effect of genotype on inter-event time (Kruskal-

Wallis test, p<0.0001, n=8 animals). A1KO mice have a significantly different distribution 

compared to WT and A2AKO mice and A2AKO are also different than WT (Dunn's multiple 

comparisons test, p<0.0001, n=8 animals). The inter-event time in A1KO is much shorter than 

the other two types of mice, indicating the frequency of events is higher.  Figure 6C shows the 

mean concentration of the first 60 spontaneous adenosine events from each animal (to use the 

same number from each to avoid overrepresentation), and there is a significant main effect of 

genotype (One-way ANOVA, p<0.0001, n=8 animals). A2AKO mice have a significantly higher 

concentration than wild type or A1KO mice (Tukey's multiple comparisons test, both p<0.0001), 

but there is no difference between wild type and A1KO mice (p>0.99). Thus, A2A receptors 

influence the concentration of individual transient adenosine events. Furthermore, there was a 

main effect of genotype on duration (Fig. 6D, One-way ANOVA, p=0.017, n=8 animals), and the 

average duration of each event in A2AKO mice is shorter (Tukey's multiple comparisons test, 

p=0.015). There was no significant difference between wild type and A1KO mice (p=0.10) or 

A1KO and A2AKO mice (p=0.62). Differences in duration are slight because the temporal 

resolution of FSCV is only 0.1 s. Figure 7 presents the concentration and duration histograms of 

spontaneous adenosine in all genotypes, and the distributions also proves that A2AKO have a 

higher concentration and shorter duration. 
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Figure 6 Spontaneous adenosine release in vivo.  A. Number of spontaneous adenosine events 
per hour (One-way ANOVA, overall p=0.0026, n=8 animals). B. Inter-event time histogram (50 s 
bins) of all adenosine transients (Kruskal-Wallis test, overall p<0.0001, n=8 animals) C. Mean 
concentration of first 60 spontaneous adenosine release (One-way ANOVA, overall p<0.0001, 
n=8 animals). D. Average duration of spontaneous adenosine release (One-way ANOVA, 
Tukey’s multiple comparisons, overall p=0.017, n=8 animals), *p<0.05, **p<0.01, ****p<0.0001, 
error bars are SEM. WT=wild type C57BL/6 mice. 
 

Figure 7 Spontaneous adenosine concentration (A) and duration (B) distribution in vivo. (A) The 
concentration histogram of spontaneous adenosine in all genotypes. (0.5 µM bins) of all 
adenosine transients (Kruskal-Wallis test, overall p<0.0001). (B) The duration histogram of 
spontaneous adenosine in all genotypes. (1 s bins) of all adenosine transients (Kruskal-Wallis 
test, overall p<0.0001).*p<0.05, ****p<0.0001, n=8 animals. 
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2.3.2 Mechanically-Stimulated Adenosine Release 

2.3.2.1 Brain slice measurements  

Mechanically-stimulated adenosine was measured in brain slices by lowering the 

electrode 50 m three times per slice.  Because slices are only 400 µm thick and 

measurements are generally performed in the middle to avoid dead layers on the edges, moving 

the electrode ~150 um is about the maximum possible. Separate slices were used, not the 

same slices where spontaneous events were measured, because slices have a limited time for 

viability.    

Figure 8A shows example results of mechanically-stimulated adenosine. The CV shape 

and the current do not change for three mechanical stimulations in a one-hour period. Figure 8B 

is the current vs time trace for the stimulations in Figure 8A. Both the rise time and the duration 

of these 3 stimulated adenosine traces were similar and relatively stable. Figure 8C compares 

the average concentration by genotype and there is a main effect of genotype (One-way 

ANOVA, Tukey’s multiple comparisons, p<0.0001, n=8 slices). The concentration in A1KO mice 

is significantly higher than the other two genotypes (p<0.0001), but wild type mice and A2AKO 

mice are not significantly different in concentration (p=0.85). Figure 8D compares duration using 

t1/2 of the primary oxidation peak and there is a significant effect of genotype on duration (One-

way ANOVA, p=0.025, n=8 slices). Wild-type mice have a significantly longer duration 

compared to A1KO (Tukey’s multiple comparisons, p=0.019). A1KO mice had the fastest 

clearance among these three types of mice, but duration was not significantly different from 

A2AKO mice (p=0.64).  
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Figure 8 Mechanically-stimulated adenosine in brain slices. A. Example CV of stimulated 
adenosine release in A1KO mice brain slice, where the electrode was lowered 50 µm every 15 
minutes three times. MS=mechanical stimulation. The black arrows mean the direction of the 
CV scanning. B. Current vs Time of the primary oxidation peak for same stimulations in A1KO 
mice as 5A. C. Average concentration of each stimulation (One-way ANOVA, Tukey’s multiple 
comparisons, overall p<0.0001, n=8 slices, 1 slice per animal). D. Average duration (t1/2) varies 
by genotype. (One-way ANOVA, Tukey’s multiple comparisons, overall p=0.025, n=8 slices, 1 
slice per animal.) *p<0.05, ****p<0.0001, error bars are SEM. 
 
2.3.2.2 In vivo measurements.   

Mechanical stimulation was also performed in vivo by lowering the electrode 4 times, 

every 15 minutes. These experiments were performed in the same animals as spontaneous 

adenosine, after the 4 hours of spontaneous data collection.  Figure 9 shows the data by 

stimulation number and the concentration and duration of every mechanical stimulation is stable 

in vivo for multiple stimulations (Figure 9A-9F). Figure 10A shows an example of mechanically-

evoked adenosine release in A1KO mice in vivo, with a large adenosine event that begins with 

the mechanical stimulation at 30 s. The top cyclic voltammogram proves adenosine is detected 

and the concentration vs time curve shows the response is rapid and cleared within 60 s.  In 

vivo, mechanically-evoked adenosine release is larger and longer in duration than spontaneous 

adenosine release. Figure 10B shows that the average concentration of mechanically-

stimulated release is not significantly different by genotype (One-way ANOVA, p=0.31, n=8 

animals per genotype). For duration, there are no significant differences among the three 
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genotypes of mice (Fig 6C, One-way ANOVA, p=0.74, n=8 animals per genotype). Overall, 

knocking out A1 or A2A receptors does not change the concentration or duration of mechanically-

stimulated adenosine in vivo.  

Figure 9. Mechanically-stimulated adenosine measurement in vivo. A-C. Adenosine 
concentration of each mechanical stimulation (A. Wild type, B. A1KO, C. A2AKO). Total means 
the average adenosine concentration from the 4 times stimulation. D-F. t1/2 of mechanically-
stimulated adenosine release (D. Wild type, E. A1KO, F. A2AKO). Total means the average t1/2 of 
four stimulations. 

 

Figure 10. Mechanically-stimulated adenosine measurement in vivo. A. Example data of 
mechanical stimulation in A1KO mice. Bottom figure is the color plot of the measurement by 
FSCV (x-axes is time, y-axes is potential and the color differences represent current). Top left is 
concentration vs time curve of the primary peak, top right is the cyclic voltammogram of 
adenosine at 30 s. B. Comparison of mechanically-stimulated adenosine concentration shows 
no difference by genotype (One-way ANOVA, Tukey’s multiple comparisons, overall p=0.31, 
n=8 animals). C. Comparison of t1/2 shows no differences genotypes (One-way ANOVA, Tukey’s 
multiple comparisons, overall p=0.74, n=8 animals). 

  



60 
 

2.4 Discussion     

In this study, we investigated the role of A1 and A2A receptors to regulate spontaneous 

and mechanically-stimulated adenosine release both in vivo and in brain slices. Deletion of A1 

receptors increased the frequency of spontaneous adenosine events but did not change the 

concentration of the events. Knockout of A2A receptors did not influence the frequency of 

spontaneous adenosine events but increased the concentration of each event.  Brain slice and 

in vivo data had the same trends for spontaneous adenosine release, showing that brain slices 

are a good model system.  For mechanically-stimulated adenosine, the concentration of 

adenosine was higher in A1KO mice in the brain slice model, but not in vivo.  There was no 

effect of A2A receptors on mechanically-stimulated adenosine.  Thus, A1 and A2A receptors have 

greater effects on spontaneous adenosine release, and serve to differentially regulate frequency 

and concentration. This knowledge of adenosine receptor regulation of adenosine signaling is 

important for future development of drug treatments targeting A1 and A2A receptors to regulate 

rapid adenosine release and harness its rapid mode of neuromodulation.  

 

2.4.1 A1 receptors regulate spontaneous adenosine frequency 

A1 receptors are the most abundant adenosine receptors in the brain and inhibit adenylyl 

cyclase activity.53 A1 receptors are located presynaptically1,21,55 and can inhibit vesicular release, 

including that of glutamate and ATP.10 The mechanism of spontaneous adenosine formation is 

through the rapid breakdown of extracellular ATP,30 and thus regulation of ATP release will also 

regulate adenosine formation.  In addition, previous studies demonstrated DPCPX, an A1 

receptor antagonist, regulated the frequency of spontaneous adenosine events, but not the 

concentration of adenosine release.32,34,56   

Here, we studied global deletion knockout mice, where the receptor is fully deleted, to 

better understand the effects of A1 receptors on spontaneous adenosine. A1 receptor KO mice 
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have previously been used to determine the effects of A1 receptors in regulating sleep57 and 

seizures after traumatic brain injury.58  The hypothesis is that deleting inhibitory A1 receptors 

would remove presynaptic inhibition of adenosine release and increase the frequency of 

adenosine transients.  Indeed, in both brain slices and in vivo, there was a significantly higher 

number of spontaneous adenosine events in A1KO mice compared to wild type. Deletion of A1 

receptors only increased the frequency of spontaneous adenosine, but did not affect the 

average concentration or the duration. A1 receptors regulate the frequency of exocytotic events, 

and global deletion therefore allows more exocytosis, causing more adenosine events. 

However, the loading of the vesicles remains the same so the average concentration is not 

affected. Previous studies have shown that spontaneous adenosine is regulated by the 

frequency of release, particularly when pharmacological agents are given to block A1, GABAB, 

or NMDA receptors.32,34 Mice with global deletions of CD39 or CD73, the enzymes that 

breakdown extracellular ATP, also had lower frequency of release, but little to no effect on 

concentration.30,34,56 Therefore, A1 receptors, acting presynaptically, regulate the frequency of 

spontaneous adenosine release, and this mechanism could be explored in the future as a 

method of harnessing the rapid neuromodulatory properties of adenosine.   

 

2.4.2 A2A receptors regulate the concentration but not the frequency of spontaneous 

adenosine 

A2A receptors are the second most abundant adenosine receptors in the brain, and are 

expressed at high levels in the caudate-putamen region.1,53,59,60 A2A receptors are excitatory 

receptors that stimulate adenylyl cyclase activity to increase cAMP. A2AKO mice have been 

widely used for behavioral or pharmacology research; for example, A2AKO attenuates brain 

injury in mice, A2AKO mice are less sensitive in depression tests, and deletion of A2A receptors 

influences anxiety in mice.44,47,61,62 A2A receptors are most densely located post-synaptically in 

the striatum.63 However, A2A receptors are also located presynaptically, where they control the 
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release of glutamate64,65 by tightly interacting with A1 and other receptors.66 Moreover, A2A 

receptors are engaged in neuromodulation in the caudate.67–71 Here, A2AKO mice had no 

change in frequency of spontaneous events, suggesting that presynaptic A2A receptors do not 

control the frequency of spontaneous adenosine events. A2A receptors do not regulate baseline 

neurotransmitter release but do regulate faster events related to long-term potentiation (LTP)67 

however the lack of A2A receptors does not change adenosine frequency and so spontaneous 

adenosine release does not appear linked to LTP processes.  

The main effect observed in A2AKO mice is that the average concentration of each 

adenosine event was larger.  There are a few possible explanations for this increase in 

concentration.  A2AKO may enhance the breakdown of ATP to extracellular adenosine by 

enzymes such as CD73, because CD73 is colocalized with A2A receptors in the caudate 

putamen and activation of A2A receptors requires CD73.72 Therefore, knocking out A2A receptors 

may change the expression of CD73, which could result in a higher extracellular adenosine 

concentration. Another possible mechanism is compensation by adenosine A2B receptors, which 

are also excitatory.  A2B receptor expression is 4.5 fold higher in A2AKO mice than wild type 

mice.50 The regulation of spontaneous adenosine concentration by A2B receptors is not known, 

but could be investigated as a compensatory mechanism.   

The duration of spontaneous adenosine in A2AKO mice is also significantly shorter than 

wild type mice both in vivo and in brain slice (Fig. 3D, 6D). A2A receptors may regulate 

adenosine deaminase or adenosine kinase, the main metabolic enzymes which are responsible 

for fast extracellular breakdown of adenosine.26 For example, A2A receptors are affected by 

adenosine deaminase binding and A2AKO could increase adenosine deaminase activity, which 

speeds up spontaneous adenosine clearance. Spontaneous adenosine is also cleared by 

equilibrative nucleoside transporters (ENTs),26,73  and these ENTs are modulated by A2A 

receptors to control the extracellular adenosine level in rat hippocampus.26,74 Future studies 
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could study adenosine clearance in A2AKO mice with pharmacology to determine the 

mechanism of clearance.   

  

2.4.3 Mechanically stimulated adenosine is not dependent on A1 or A2A receptors 

 Moving an electrode in a brain slice causes mechanically-stimulated adenosine without 

causing significant tissue damage.37 Mechanical stimulation is therefore a way of causing shear 

stress in the brain, without killing the cells. The mechanism of formation of mechanically-

stimulated release is different than spontaneous adenosine release, as it is not dependent on 

the adenosine breakdown enzymes CD39 or CD73, implying that it is not due to extracellular 

breakdown of ATP.30 Thus, we hypothesized that regulation of mechanically-stimulated release 

by A1 and A2A receptors would be different than regulation of spontaneous adenosine release.  

In A1 and A2AKO mice, there were no changes in mechanically-stimulated concentration or 

duration in vivo.  However, in brain slices, the concentration was significantly higher in A1KO 

mice and the duration was significantly lower (Fig. 8C, 8D). These data are the only data from 

brain slices and in vivo which do not agree, as all other data showed the same trends.  The 

reason might be that smaller concentrations are elicited in brain slices in WT, and thus larger 

concentrations in A1KO are easier to observe. Larger concentrations are expected if you remove 

inhibition.  However, the in vivo data do not show that trend, and stimulations are large for all 

genotypes, likely due to robust pools of adenosine maintained by synthesis.  The source of 

mechanically-stimulated release is less understood. There is some evidence for exocytosis, as 

tetrodotoxin or EDTA decrease the concentration of mechanically-stimulated adenosine, 

suggesting it is activity dependent.25,37,39 However, other studies suggest it could be regulated 

by hemichannels such as pannexins or connexins, which are mechanosensitive.75  Thus, 

regulation may not be through presynaptic mechanisms and the overall results here suggest 

mechanically-stimulated release is not as strongly regulated by A1 and A2A receptors.  The data 

also support that A1 and A2A drugs would preferentially regulate spontaneous and not 
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mechanically-stimulated adenosine release, allowing a way to tap into the rapid 

neuromodulatory properties of spontaneous release.  

 

2.5 Conclusions 

In this paper, we investigated the role of adenosine receptors to regulate spontaneous 

adenosine and mechanically-stimulated adenosine by using knockout mice. A1KO mice have an 

increased frequency of spontaneous adenosine, but no change in concentration, both in vivo 

and in brain slices. A1 receptors act as presynaptic inhibitors, inhibiting exocytotic events that 

cause spontaneous adenosine. Deletion of A2A receptors resulted in higher concentrations of 

spontaneous adenosine, which may be related to interplay of A2A receptors with adenosine 

breakdown enzymes or compensation by A2B receptors.  In vivo, mechanically-stimulated 

adenosine concentration is not dependent on A1 or A2A receptors, suggesting it is regulated 

differently than spontaneous release.  This differential regulation of release is important 

because it could lead to specific pharmacological treatments of A1 or A2A receptors that target 

manipulation of spontaneous adenosine release but not mechanically-stimulated release.   
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Chapter 3  

Pannexin1 channels regulate mechanically-stimulated but 

not spontaneous adenosine release 
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time of submission.  
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Abstract 

 Fast-scan cyclic voltammetry is a rapid technique to measure neuromodulators, and 

using FSCV, two modes of rapid adenosine have been discovered. Spontaneous transients 

occur randomly in the brain, while mechanical stimulation also causes a rapid adenosine event. 

Pannexin1 channels are membrane channels that transport ions, including ATP, out of the cell 

where it is rapidly broken down into adenosine. Pannexin 1 channels (Panx1) have a flickering 

mode of rapid opening and are also mechanically-stimulated. Here, we test the extent to which 

pannexin channels, specifically pannexin1 (Panx1) channels, are responsible for rapid 

adenosine events. Spontaneous adenosine release or mechanosensitive adenosine release 

were measured using fast-scan cyclic voltammetry in hippocampal (CA1) brain slices. In global 

Panx1KO mice, there is no significant difference in the frequency or concentration of 

spontaneous adenosine release, indicating Panx1 is not a release mechanism for spontaneous 

adenosine. Spontaneous adenosine frequency decreased slightly after administration of a large 

(100 M) dose of carbenoxolone, a nonspecific inhibitor of many pannexin and connexin 

channels, suggesting other channels may play a small role. For mechanically-stimulated 

adenosine release, the concentration of each adenosine event significantly decreased 30% in 

Panx1KO mice and the frequency of stimulations that evoked adenosine also decreased. The 

response was similar in WT mice with carbenoxolone. Thus, Panx1 is a release mechanism for 

mechanically-stimulated adenosine release, but not the only mechanism. These results 

demonstrate that pannexin channels differentially regulate rapid adenosine release and could 

be targeted to differentially affect mechanically-stimulated adenosine due to brain damage.       
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3.1 Introduction 

Rapid adenosine release in the brain plays a role in rapid neuromodulation, and 

adenosine released during conditions such as ischemia is neuroprotective.1–3 However, 

monitoring rapid adenosine release is challenging. Our lab has developed fast-scan cyclic 

voltammetry for the detection of rapid adenosine release.4,5 FSCV measurements were useful in 

identifying two modes of rapid adenosine release: (1) spontaneous adenosine release which 

lasts only a few seconds and occurs once every few minutes 6,7 and (2) mechanically-stimulated 

release which lasts 20-30 s.8,9 Spontaneous events are natural and occur randomly in many 

brain regions.10,11  Mechanical stimulation is a model of brain damage and release is likely 

caused by shear stress in the brain.12  However, the mechanism of release for each of these 

modes has not been established, and adenosine may be released in different modes depending 

on the type of release.13,14  Rapid electrochemical methods, combined with pharmacology and 

genetic knockout mice, will allow us to test hypotheses about how adenosine is released.  

There are many possible mechanisms for adenosine release.  One hypothesis for is that 

rapid adenosine is formed from the breakdown of exocytotically released ATP.15  Both 

spontaneous and mechanically-sensitive adenosine are sensitive to tetrodotoxin (TTX),7,8 which 

blocks activity dependent release, suggesting they are due to exocytosis. However, the signals 

are not completely eliminated with TTX, so other release mechanisms exist. Spontaneous 

adenosine release is dependent on the enzymes CD73 and CD39, which breakdown ATP to 

adenosine in the extracellular space, but mechanosensitive adenosine is not dependent on 

those enzymes.13  Thus, there are still other mechanisms that need to be identified for rapid 

adenosine release.  

One novel mechanism for possible release of adenosine is membrane hemichannels 

called connexin and pannexin channels.16–18  Connexin proteins form gap junctions between 

cells to allow ionic and metabolic coupling, while pannexin channels are transmembrane anion 

channels that connect the intracellular space of a cell with the extracellular space.19 There are 
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three types of pannexin channels: pannexin 1 (Panx1), pannexin 2 (Panx2), and pannexin 3 

(Panx3).20 Panx1 is the most widely studied channel, and is expressed throughout the body, 

including in cortical and hippocampal neurons in the brain.21 Pannexins form anion channels 

and release ATP in response to calcium propagation.22 Pannexin1 channels are also 

mechanosensitive, releasing ATP in response to mechanical stress.23  Panx1 channels regulate 

ATP release during apoptosis, permanently opening channels to dump ATP which is a signal for 

phagocytes to consume the cell.24  However, Panx1 channels also have a reversible mode of 

operation in live cells, where the channels rapidly open and close in milliseconds.25  This faster 

mode could release ATP rapidly, which would be rapidly degraded to adenosine in the 

extracellular space.26 However, pannexin channels have not been characterized as a 

mechanism for causing rapid adenosine release and FSCV is a good technique to interrogate 

their effects.   

In this work, we investigate the effects of pannexin1 channels to cause spontaneous or 

mechanically-sensitive adenosine release. In global deletion pannexin 1 knock out mice 

(Panx1KO), spontaneous adenosine release is unchanged, but mechanically-evoked adenosine 

is reduced in concentration and frequency. After blocking a broader range of pannexins and 

connexins with 100 M carbenoxolone, the frequency of spontaneous adenosine release 

decreased slightly, and the mechanically-stimulated data with carbenoxolone looked similar to 

that of Panx1KO. Thus, other hemichannels are not playing a major role in rapid adenosine 

release. This work demonstrates Panx1 channels are not involved in spontaneous adenosine 

release but do contribute to mechanically-stimulated release, and Panx1 channels could be a 

therapeutic target to regulate rapid adenosine release during brain injury.   
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3.2 Experimental Section 

3.2.1 Chemicals 

Artificial cerebral spinal fluid (aCSF) is made by 126 mM NaCl, 2.5 mM KCl, 1.2 mM 

NaH2PO4, 1.2 mM MgCl2, 25 mM NaHCO3, 2.4 mM CaCl2 dihydrate, 11 mM glucose, and 15 

mM tris(hydroxymethyl)aminomethane and adjusted to pH 7.4. Adenosine (Acros organics, 

Morris Plains, NJ, U.S.A.) was dissolved in 0.1 M HClO4 for 10 mM stock solution. Stock 

solutions was diluted to 1 μM in PBS buffer for the electrode post calibration after brain slice 

experiments. Carbenoxolone (Sigma-Aldrich, St. Louis, MO, United States) was dissolved in 

aCSF buffer at 100 μM concentration for drug perfusion. 

 

3.2.2 Brain slice experiments 

Animal experiments were approved by the Animal Care and Use Committee at the 

University of Virginia. Panx1 knockout mice were Lox-Cre mice developed from the C57B6 

strain (used as WT) and were a gift of the Ravichandran lab at University of Virginia.27 All the 

mice we used in the experiments are male. A 6-8 weeks old mouse was anesthetized with 

isoflurane, euthanized via cervical dislocation, and decapitated. The brain was extracted and 

placed in chilled, oxygenated, artificial cerebral spinal fluid (aCSF). Slices were transferred to 

room temperature, oxygenated aCSF, brought up to 37° in a water bath, and allowed to recover 

for half an hour. Sagittal slices (400 µm thick) were collected using a vibratome from one 

hemisphere of the brain (Leica VT1000S).7  

 The carbon-fiber microelectrode was inserted 75 µm in the CA1 region of the 

hippocampus and equilibrated for 10 minutes before data collection. The reference electrode 

was a Ag/AgCl wire. FSCV was performed using a ChemClamp potentiostat (Dagan, 

Minneapolis, MN) with a Pine 5 MΩ headstage (Pine Instruments, Durham, NC) and data 

collected using HDCV software (courtesy of Mark Wightman, UNC). The FSCV waveform was a 
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triangle waveform from -0.4 V to 1.45 V and back at a scan rate of 400 V/s and repetition rate of 

10 Hz. Spontaneous adenosine data was measured for one hour. For mechanically-stimulated 

adenosine, the electrode was lowered 50 µm quickly to stimulate adenosine and up to 3 

stimulations were performed per slice, each 10 minutes apart. For carbenoxolone, aCSF buffer 

with 100 M carbenoxolone was perfused for 30 minutes over the brain slice before the 

adenosine measurements. The electrodes were all post-calibrated in flow cell using 1 µM 

adenosine with PBS solution after the brain slice experiment. The adenosine concentration in 

brain slice is proportional to the current. 

 

3.2.3 Statistics  

 An automated algorithm was used to pick spontaneous, transient adenosine peaks and 

to find the concentrations, durations, and inter-event times.28 Durations are the peak width at 

half height. All bar graphs report means ± standard error of the mean. All statistics were 

performed using GraphPad Prism 8. 

 

3.3 Results and Discussion 

 Fig. 1A shows example electrochemical data for wild-type brain slices, in C57B6 mice 

(the background strain used as a control in all Panx1KO studies). The color plot has applied 

voltage on the y-axis, time on the x-axis, and current in false color. Adenosine is identified by its 

two characteristic oxidation peaks in the color plot.8,28  Concentration vs time traces show 

current changes at the primary oxidation potential, which is converted to concertation with post-

calibration. Peaks identified as adenosine by our automated software are marked with a plus 

sign.28 On average, we observed about 40 transients per hour in control mice. The 

concentration of each spontaneous adenosine event spans a wide range, from 20 nM to 1 M, 

but the average is around 120 nM. The inter-event time is the time difference between two 
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consistent events and one is marked over the trace. The distribution of inter-event time 

characterizes the frequency of spontaneous adenosine release. Figure 1B shows example data 

for mechanically-stimulated adenosine. Mechanically-stimulated adenosine has a higher 

concentration and longer duration than spontaneous adenosine. The width at half-height (t1/2) is 

the duration, which is calculated from the concentration vs time trace.   

Figure 1. Example FSCV data of rapid adenosine. A. Example color plot of spontaneous 
adenosine release in wild type mouse brain slices. The color plot shows 2 min. worth of data, 
and the green/purple spots indicate adenosine. The concentration vs time trace above the color 
plot shows peaks, and peaks marked with a + are confirmed by our automated detection 
system.  B. Example color plot of mechanically-stimulated adenosine in wild type mouse brain 
slice. The concentration vs time trace is above, with the red line marking the width at half-height, 
t1/2. The red arrow below the color plot is the time of mechanical stimulation.   
 

3.3.1 Pannexin channels as a possible release mechanism of spontaneous adenosine 

 Spontaneous adenosine release occurs in mouse brain slices in the CA1 region of the 

hippocampus frequently, similar to findings in vivo.29 Panx1 global knockout mice were used to 

probe the extent to which Panx1 was involved in spontaneous adenosine release. Fig. 2 shows 

an example color plot in Panx1KO. The control animal had 6 events detected during a 2-minute 

window (Fig. 1A), while the Panx1KO (Fig. 2A) example shows 5 events, which is similar. 

Carbenoxolone is a broad spectrum pannexin inhibitor that targets many different pannexin and 

connexin channels.30 We administered carbenoxolone to WT mice at a high dose of 100 µM to 

bind target other pannexins and connexins, which are blocked at higher doses.22 The example 
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carbenoxolone color plot shows fewer adenosine transients than control or Panx1KO, only 3 

(Fig. 1B).  

Figure 2. Example color plot of spontaneous adenosine in Panxin1KO mice (A), and 
carbenoxolone treated wild type mice (B). Above the plots are concentration vs time traces at 
the primary oxidation potential for adenosine, with confirmed adenosine peaks (by our 
automated detection system) marked with a ‘+'. 
 

Figure 3 shows average data for spontaneous adenosine in multiple slices. Fig 3A 

compares the number of transients detected in one hour of data collection. There is no 

significant difference in the average number of transients among the three groups of mice (Fig. 

3A, one-way ANOVA, p=0.60, n=6-8 slices). Because of high biological variability, even in 

control animals, it is hard to pick out statistical differences with measures that average over 

animals. Another measure of frequency is the interevent time, that is the time between two 

consecutive events. Here, we examine pairs of transients, so n numbers are higher and there is 

a significant effect of group for interevent frequency (One-Way ANOVA, p= 0.0042, n= 312 

transients WT, 238 Panx1KO, 143 CBX). The distribution of interevent times was not 

significantly different between control and Panx1KO mice (Fig. 3B, Kruskal-Wallis test, p=0.26), 

but was significantly different between control and carbenoxolone, as the frequency of 

transients was slower with the drug (p=0.0034). The concentration of each adenosine transient 

is plotted in Fig. 3C. The average concentration is around 100 nM in all three groups. There was 

no significant main effect among groups (one-way ANOVA, p=0.64, n=6-8 slices). Overall, there 

were no significant differences in spontaneous adenosine frequency or concentration between 
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control and Panx1KO mice, which demonstrates that Panx1 channels are not a mechanism of 

spontaneous, transient adenosine release. 

The hypothesis that pannexin channels are responsible for rapid adenosine release 

comes from different studies in the literature where pannexin channels rapidly release 

ATP.25,31,32  Pannexins are membrane channels that are release ions and small molecules like 

ATP into the extracellular space22,23 and are activated by mechanical perturbation, high levels of 

intracellular calcium, or high extracellular potassium.23,33 Panx1 are irreversibly opened via 

caspase cleavage during apoptosis,24 but adenosine transients are monitored for hours, without 

visible damage in the region, so apoptosis is not proposed to cause spontaneous adenosine 

release. Alternatively, pannexin channels undergo rapid opening and closing by activating α1-

adrenergic receptors.25 This behavior, called flickering, is on the millisecond time scale and 

could potentially cause spontaneous adenosine events. Thus, we hypothesized that pannexin1 

channels might be a mechanism for spontaneous, transient adenosine release. However, the 

lack of effect in Panx1KO mice shows that Panx1 is not the main mechanism of spontaneous 

adenosine release and the hypothesis was disproved.     

One possible problem with genetic KO mice is that they may have compensatory 

changes, overexpressing other related proteins or channels. For example, an upregulation of 

Panx3 channels has been found in Panx1KO mice so a potential compensatory role of Panx3 in 

the Panx1KO mouse model was proposed.34 Panx1 acts as a feedback response through pre-

synaptic activation of A1 receptors, and a compensatory upregulation of metabotropic glutamate 

receptor 4 expression is proposed in the Panx1KO model.35 Acetylcholine transmission also 

increases in Panx1KO mice via a presynaptic regulation modulated by A1 receptor, indicating 

that A1 receptors may be downregulated in Panx1KO mice.36,37 Spontaneous adenosine is 

regulated presynaptically modulated by the A1 receptor, and so changes in A1 receptors in 

Panx1KO mice could affect spontaneous adenosine release.7,9 Therefore, we used both a 



80 
 

genetic knockout and complementary pharmacology strategy to verify effects in Panx1KO mice 

were not just due to compensation.      

High dose carbenoxolone treatment slightly decreased the frequency of spontaneous 

release but did not change the concentration of each event. While the carbenoxolone results 

suggest there could be a small role of other pannexin or connexin channels, they would not be 

the major mechanism. We used a high dose of carbenoxolone to block both pannexin channels 

(IC50 2-5 µM), and connexin channels (IC50 21-34 µM)38 but carbenoxolone has other targets, 

including NMDA receptors (IC50 104 μM)39 which modulate spontaneous adenosine release.40 

While pannexin2 channels that are high expressed in the brain could be examined in future 

studies,41 this study shows gap junction channels are not the primary mechanism of 

spontaneous adenosine release. Instead, the release mechanism of spontaneous release 

appears is likely activity dependent ATP release, as release is decreased with application of 

tetrodotoxin, is calcium dependent, and dependent on the ATP breakdown enzymes CD39 and 

CD73.7,42 Thus, pannexin1 channels are not a major release mechanism for spontaneous 

adenosine release, and the flickering patterns previously observed in other cells do not 

contribute to rapid, spontaneous adenosine release in the hippocampus.   

Figure 3. Average data of spontaneous adenosine release. A. Average # of transients per hour 

is not significantly different among WT and Panx1KO mice CBX treatment (One-way ANOVA 

multiple comparisons, p = 0.60, n = 6-8 slices). B. There is no change in frequency of transients 

for Panx1KO mice, but a significant difference between WT and CBX in WT (One-way ANOVA 

Kruskal-Wallis test, overall p=0.0042, Dunn’s multiple comparisons WT vs Panx1KO p=0.26, WT 

vs CBX in WT p=0.0034). C. There is no change in concentration of each transient in Panx1KO 

mice or CBX treatment (One-way ANOVA multiple comparisons, p=0.64, n=6-8 slices, one slice 
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per animal, all mice are male in the experiments, 312 transients WT, 238 Panx1KO, 143 CBX). ** 

p<0.01   

  

3.3.2 Pannexin channels as a possible release mechanism of mechanosensitive adenosine 

 Next, we tested the extent to which Panx1 channels control mechanically-stimulated 

adenosine release. Adenosine was mechanically-stimulated by moving the electrode 50 µm, 

which causes shear stress, releasing adenosine.8 The example color plots show adenosine 

release in WT (Fig. 1B), Panx1KO (Fig 4A), and CBX treated WT mice (Fig 4B). The 

concentration of mechanically-stimulated adenosine is much bigger than spontaneous 

adenosine release, around 640 nM on average in WT mice. In addition, mechanical stimulation 

causes other ionic changes, which produce interfering currents around 0.6 V in the color plot.43 

The example data show that the concentration of the evoked adenosine concentration is smaller 

in Panx1 mouse and carbenoxolone treated mice.  

Figure 4. Example color plots of a mechanical stimulation performed by lowering the electrode 

50 µm at time 30 s on the plots.  A. Panx1KO, B. WT mice with 100 M carbenoxolone. The top 
traces are the concentration vs time traces at the primary oxidation potential of adenosine. 
 

Fig. 5 shows average data from 16 brain slices. For averaged concentration data (Fig. 

5A), there was a main effect of group (one-way ANOVA, p=0.0005, n=16 slices from 8 male 

mice in each group) and significant differences between WT and Panx1KO (p=0.0069) and WT 

and CBX (p=0.0007). For duration (Fig. 5B), there was no significant difference among three 

groups (one-way ANOVA, p=0.1543, n=16 slices from 8 mice in each group). Fig. 5C plots the 

percentage of mechanical stimulations that successfully elicited adenosine. For each 
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stimulation, we simply determined if any adenosine was released, or if there was no evidence of 

release, and successful stimulation were identified as releasing any level of adenosine, even if it 

was small.  There was a main effect of group (One-Way ANOVA, p=0.0223, n=16 slices from 8 

mice) and Panx1KO mice had a significantly lower percent success than WT (p=0.02).  In 

control animals, about 75% of stimulations elicited adenosine, while in Panx1KO it was around 

52 % and in CBX treated slices, it was 60%. Thus, mechanically-stimulated release was less 

frequently evoked in Panx1KO mice and the concentration was lower, indicating that Panx1 

channels are a release mechanism for mechanically-stimulated release. 

Figure 5. Average data of mechanically-stimulated adenosine release in different type of mice. 
A. Concentration of each mechanically-stimulated release. (One-way ANOVA, p= 0.0005, 
Tukey’s multiple comparisons, WT vs Panx1KO p=0.0069, WT vs CBX in WT p=0.0007, Panx1 
vs CBX in WT p=0.7073, n=8 mice/16 slices per group). B. Duration (width at half height) of 
mechanically-stimulated adenosine (One-way ANOVA, p= 0.1543, n=8 mice/16 slices per 
group). C. Percent of mechanical stimulations that evoked adenosine (Kruskal-Wallis test, 
p=0.0223, n=8 mice/16 slices. Dunn’s multiple comparisons, WT vs Panx1KO p=0.02, WT vs 
CBX in WT p=0.19, Panx1 vs CBX in WT p>0.99,) *p<0.05, **p<0.01, ***p<0.001. Error bars are 
SEM. 
 

Pannexin1 channels are mechanosensitive, leading to the hypothesis that pannexin 

channels may be involved in mechanosensitive release.23 Here, we found the concentration of 

adenosine release by a mechanical stimulation decreased by about 30% in Panx1KO mice and 

the success rate for mechanical stimulations to release adenosine decreased about 25%. Thus, 

pannexin1 channels contribute to mechanosensitive release but are not fully responsible for all 

the release. Carbenoxolone treated WT mice had similar mechanosensitive release to 

Panx1KO, implying there are not many other pannexin and connexin channels contributing to 
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release.  Mechanosensitive release is complex and shear stress is expected to play a major 

role; cells stretch in response to electrode moving which could open pannexin1 channels.32  But 

other stresses, such as swelling or pulling could lead to calcium channel activation and activity 

dependent release as well.44  Mechanosensitive release is reduced by TTX, but it is not as 

dependent on CD73 or CD39 as spontaneous release, so there could be mixed mechanisms of 

pannexin and activity-dependent release.8,13 These studies identify pannexin1 channels as a 

release mechanism for mechanically-stimulated adenosine release in the brain for the first time, 

and this mechanism might be able to be explored as treatment for brain injury. Also, treatments 

targeting pannexin1 channels for adenosine release will differentially only target 

mechanosensitive release and not disturb spontaneous events.   

 

3.4 Conclusions 

 In this study, we examined pannexin channels as a possible mode to release 

spontaneous and mechanically-stimulated adenosine in the hippocampus CA1.  In global 

Panx1KO mice,27 there are no changes in spontaneous adenosine release so pannexin1 

channels are not contributing to spontaneous adenosine release.  A high dose of carbenoxolone 

that blocks many gap junction proteins did slightly decrease the frequency of adenosine release, 

suggesting other channels could play a minor role in spontaneous release.  For mechanically-

stimulated release, Panx1KO mice have smaller concentration transients and mechanical 

stimulation was less likely to evoke adenosine.  However, pannexin channels are not the only 

release mechanism and CBX studies in WT mice looked similar to Panx1KO mice, suggesting 

that the remaining mechanosensitive release is not due to other pannexin or connexin channels. 

Thus, this study shows that Pannexin1 channels are not a release mechanism for spontaneous 

adenosine but are responsible for some mechanosensitive release.  Therefore, Panx1 channels 

could be targeted to differentially affect adenosine release from shear stress or brain damage, 



84 
 

but targeting them would not affect normal spontaneous release.  This better understanding of 

the mechanism of action will lead to better therapies that specifically target different modes of 

adenosine release.     
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Chapter 4  

Dual channel electrochemical measurements reveal rapid 

adenosine is localized in brain slices 
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Abstract 

Rapid adenosine signaling has been detected spontaneously or after mechanical 

stimulation in the brain, providing rapid neuromodulation in a local area.  To measure rapid 

adenosine signaling, a single carbon-fiber microelectrode has traditionally been used, which 

limits spatial resolution and an understanding of regional coordination.  In this study, we utilized 

dual channel FSCV to measure spontaneous or mechanically stimulated adenosine release at 

two electrodes placed at different spacings in hippocampal CA1 mouse brain slices. For 

mechanically-stimulated adenosine release, adenosine can be detected up to 150 µm away 

from where it was stimulated, although the signal is smaller and delayed. While spontaneous 

adenosine transients were detected at both electrodes, only 10 percent of events were detected 

concurrently, and that number was similar at 50 µm and 200 µm electrode spacings. Thus, most 

adenosine transients were not caused by widespread coordination of release.  There was no 

evidence of diffusion of spontaneous transients to a second electrode 50-200 µm away. This 

study shows that spontaneous adenosine events are very localized, and thus provide only local 

neuromodulation.  Injury, such as mechanical stimulation, allows adenosine to diffuse farther, 

but neuroprotective effects are still regional.  These results provide a better understanding of the 

spatial and temporal profiles of adenosine available to act at receptors, which is crucial for 

future studies that design neuroprotective treatments based on rapid adenosine signaling.  
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4.1 Introduction 

Rapid adenosine acts as a neuromodulator, signaling through receptors to modulate 

blood flow, the sleep-awake cycle, pain and memory.1–10 Adenosine receptors are located both 

presynaptically and postsynaptically and adenosine often has an overall inhibitory effect, acting 

at A1 receptors to dampen dopamine, glutamate and GABA neurotransmission.11–14 The 

hippocampus CA1 region is an important region for adenosine neuromodulation, as adenosine 

inhibits excitatory synaptic transmission during ischemia. There is a high frequency and 

concentration of adenosine transient events in the hippocampus CA1 region,15 and the CA1 

may be susceptible to ischemic damage because adenosine transient events do not increase 

during ischemia.16 Exogenous adenosine protects hippocampal neurons from death during 

cerebral ischemic injury,17 but the endogenous pool of adenosine is depletable in the CA1.18  

A rapid mode of adenosine release was discovered by electrophysiology,19 and the 

Zylka group discovered spontaneous adenosine release in the spinal cord which lasted only few 

seconds.20 Our lab used fast-scan cyclic voltammetry (FSCV) to further investigate the 

mechanisms of spontaneous, transient adenosine release using drugs or genetic knockout mice 

in the rodent brain.15,21–25 Mechanical stimulation also releases transient concentrations of 

adenosine, and these events have a higher concentration and slightly longer duration (about 30 

s) than spontaneous adenosine. Mechanically-stimulated adenosine acts via A1 receptors to 

decrease stimulated dopamine in the caudate, suggesting it is a rapid neuromodulator.26 While 

the temporal dynamics of rapid adenosine neuromodulation have been studied, how far 

spontaneous or mechanically-stimulated adenosine release can diffuse to signal at receptors is 

not known, because most measurements are recorded from a single location.  Imaging 

techniques based on G-protein coupled receptors have been used to monitor adenosine 

recently with better spatial resolution, but they have not been demonstrated to measure rapid 

adenosine transients.27  Understanding the range of rapid adenosine release would provide a 
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better understanding of the temporal and spatial profiles of adenosine neuromodulation in a 

region. 

One strategy to understand spatial signaling in the brain is to measure at multiple 

electrodes simultaneously.28 For example, Wightman’s group used dual channel FSCV to 

measure dopamine in different hemispheres of the brain, finding coordination of dopamine 

transients across hemispheres.29 Sombers’ group also used dual electrodes to measure 

electrically-stimulated glucose and lactate simultaneously via FSCV after neuronal activation.30 

Electrode arrays have also been developed for detection at multiple brain sites.28,29,31–33 Ewing’s 

group develop an array with seven CFMEs to monitor dopamine exocytosis from a single PC12 

cell.34 Cima’s group measured from 16 sites in the caudate simultaneously to enable high 

density detection on dopamine neurotransmission.35 Graybiel’s group also used chronically-

implanted electrode arrays to monitor dopamine in the brain.36,37 However, these studies mainly 

focused on dopamine and the spatial and temporal profiles of adenosine release to act on 

receptors are not fully understood.  

The goal of this study is to investigate the spatial and temporal profile of rapid adenosine 

signals in the hippocampus CA1 region. We investigated spontaneous and mechanically-

stimulated adenosine in brain slice via dual channel FSCV measurements, and this is the first 

study to detect rapid adenosine events with multiple electrodes. Spontaneous adenosine is 

randomly released and highly localized. The majority of spontaneous transients were also not 

due to coordinated firing. Mechanically-stimulated adenosine can diffuse further, and could be 

detected at 150 µm away from the release site, although the magnitude of the adenosine 

decreases with distance. The range of signaling by adenosine after mechanical stimulation 

indicates that injury to the brain causes more regional neuromodulatory effects but spontaneous 

adenosine is a highly localized modulatory signal likely related to local cell activity. The 

differences in spatial resolution between the two modes of adenosine signaling provides new 
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details on differential neuroprotection of adenosine, which could be used to design treatments 

that take advantage of rapid neuromodulation of adenosine.   

 

4.2 Experimental Section 

4.2.1 Chemicals 

Artificial cerebral spinal fluid (aCSF) containing 126mM NaCl, 2.5 mM KCl, 1.2 mM 

NaH2PO4, 2.4 mM CaCl2·2H2O, 1.2 mM MgCl2·6H2O, 25mM NaHCO3, 11 mM glucose, and 15 

mM Tris(hydroxymethyl) aminomethane was freshly made and adjusted to pH 7.4 before brain 

slice experiments. All the salts were purchased from Sigma-Aldrich. Adenosine (Acros organics, 

Morris Plains, NJ, USA) was dissolved in 0.1 M HClO4 for 10 mM adenosine stock solution. A 1 

µM adenosine solution was freshly made before flow cell experiment and post calibration by 

diluting the stock solution. 

4.2.2 Electrochemistry 

Cylinder carbon-fiber microelectrodes were fabricated by inserting a T-650 carbon fiber 

(7 µm diameter Cytec Engineering Materials, West Patterson, NJ) into a glass capillary (1.2 mm 

OD x 0.68 mm ID, 4’’, A-M systems), pulling the capillary into two electrodes via an electrode 

puller (model PE-21, Narishige, Tokyo, Japan).38 Then, the pulled electrodes were cut to 50-100 

µm long under microscope. A WaveNeuro FSCV potentiostat combing with a WaveNeuro Dual 

Channel Adapter (DCA) (5 MΩ headstage, Pine Research Instrument, Durham, NC) was used 

for the two-channel fast-scan cyclic voltammetry measurement. A triangular waveform of -0.4 V 

to 1.45 V at 400 V/s in 10 Hz was applied on both channels.39 Data collection was accomplished 

by HDCV software (UNC Chemistry, Chapel Hill, NC, USA). 
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4.2.3 Brain slice experiment 

Brain slice experiments were approved by the Animal Care and Use Committee of the 

University of Virginia. Wild type mice C57BL/6 mice (6-8 weeks old, Jackson Lab) were housed 

in the vivarium in the University of Virginia. Mice were anesthetized with isoflurane before 

decapitalization. The mouse brain was removed within two minutes and transferred into 0-5 C 

oxygenated (95% oxygen, 5% CO2) aCSF for two minutes for recovery. After recovery, the 

mouse brain was quickly stabilized on the cold slicing stage and sliced into 400 µm thickness 

via a vibratome (LeicaVT1000S, Bannockburn, IL, USA), then the brain slices were transferred 

into a room temperature oxygenated aCSF to recover for 30 minutes before the experiment. 

During the experiment, aCSF (maintained at 35 C) was consistently perfumed over the brain 

slice by a perfusion pump (Watson-Marlo 205U, Wilmington, MA, USA) at 2 mL/min. All the 

brain slices were obtained by coronal slicing the brain. 

Mechanically stimulated adenosine was measured in the hippocampus CA1 region (AP: 

-2.5mm, ML: 2.3 mm, DL: 1.7mm). Two electrodes were inserted about 75 µm deep in the 

tissue and equilibrium for 15 minutes before the stimulation. The mechanical stimulation was 

performed by lowering one electrode 50 µm every 10 minutes and collecting two channels 

simultaneously. Spontaneous adenosine was collected by inserting two electrodes in the CA1 

region. After 5-10 minutes of applying the adenosine waveform (Triangular waveform -0.4 V to 

1.45 V at 400 V/s for 10 Hz), when the electrode background were stable, spontaneous 

adenosine events were measured for 1 hour. The electrodes were post calibrated separately in 

the same flow cell (VICI Valco) using 1 µM adenosine injection.   
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4.2.4 Statistics 

The spontaneous adenosine events were identified and characterized by an image 

analysis program coded in Matlab, and the identified adenosine transients were confirmed by 

the author to exclude any signals that were not adenosine.40 All the statistics were performed by 

GraphPad 8 (GraphPad Software Inc., San Diego, CA, USA), all the data are shown as mean ± 

SEM. 

 

4.3 Results  

In this study, we used a dual channel FSCV system to characterize the distance over 

which rapid adenosine can signal by changing the distance of two working electrodes in brain 

slice. Experiments were performed in the hippocampus CA1 region, which has both 

spontaneous adenosine transients and strong mechanically-stimulated release.15,23 The 

hypothesis was that mechanically stimulated adenosine will diffuse further than spontaneous 

adenosine because of its higher concentration and duration.  

4.3.1 Dual channel adenosine measurements during flow injection analysis 

To prove that the two channels have similar responses, we used flow injection analysis 

to measure 1 µM adenosine at two similar length carbon-fiber microelectrodes. Each channel 

was tested separately, as only one electrode fits in our flow-injection system. Figure 1A shows 

example color plots of an adenosine bolus, with channel 0 (CH0) on top and channel 1 (CH1) on 

bottom. The color plots present the results in three dimensions, with time on the x-axis, potential 

on the y-axis, and current in false color. The green/purple color circles at around 1.4 V are the 

primary oxidation peak of adenosine, and the green/purple circles at around 1.0 V are the 

secondary oxidation peaks of adenosine. From the time trace in the color plot, the peak current 

at 1.0 V occurs later than the peak at 1.4 V, therefore, the 1.0 V oxidation peak is considered as 

secondary oxidation of adenosine. Figure 1B shows the background charging current of the two 
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electrodes, and the two electrodes on the different channels have a similar background shape. 

Figure 1C shows the background-subtracted cyclic voltammograms (CV) from the two channels. 

CH1 had a slightly larger background current and a slightly higher Faradaic current for 

adenosine. The potentials are slightly shifted to later times (i.e. more on the backscan) for CH1, 

but different electrodes can have different electron transfer kinetics, and these are both clearly 

CVs for adenosine. Figure 1D shows the current vs time traces, and both channels have a 

similar square-like shape and rise times. Therefore, the dual channel system has similar results 

on both channels in the flow cell, confirming both channels work well for adenosine 

measurements. 

Figure 1 Example of adenosine measurement with dual channel system in vitro. A. Example 
color plots of two channels (top: CH0, bottom: CH1). B. Background charging current of two 
electrodes. C. Background-subtracted CV of adenosine for each electrode. D. Current vs time 
trace for the primary adenosine peak from the color plots in figure 1A. Red line was measured 
on CH0 in HDCV, Blue line measured on CH1. 

 

4.3.2 Dual channel measurements of mechanically-stimulated adenosine release  

To understand the range of adenosine signaling in brain slices, we first measured 

mechanically-stimulated adenosine at two electrodes spaced different distances apart. Figure 

2A shows placement of 2 electrodes in a brain slice in the CA1 region. Both electrodes were 

inserted approximately 75 µm deep and equilibrium for about 10 minutes before experiment. 
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Mechanically-stimulated adenosine was generated by lowering the one electrode 50 µm in brain 

slice.26 The second electrode (called the stable electrode) did not move. Therefore, two 

electrodes simultaneously detected stimulated adenosine at different sites. The horizontal 

distance between the electrodes was varied from 50 to 200 µm in order to characterize how far 

mechanically-stimulated adenosine diffused and could signal in brain tissue.  

Figure 2 shows an example of mechanically-stimulated adenosine with two electrodes 

50 µm apart. Figure 2B shows the color plots; the top color plot is the electrode which was 

moved to evoke the stimulation, while the bottom one is the stable electrode. In the color plot, 

stimulated adenosine is immediately detected on stimulation channel (STIM CH) but is delayed 

on stable channel (Stable CH) 50 µm away. The current on STIM CH is also higher than Stable 

CH , as some of the adenosine would be cleared or metabolized before it gets to the stable 

electrode, or it may diffuse in a different direction.21 Figure 2C presents the time traces of the 

adenosine concentration and STIM CH has a has a rapid response after the stimulation. 

However, the rise in adenosine on the other channel is slower and adenosine stays elevated for 

a longer time, which indicates the signal in Stable CH is from diffusion of mechanically-

stimulated adenosine near the other electrode. Figure 2D displays the CVs of adenosine; the 

stimulation electrode has a higher peak than the non-stimulation electrode but both are 

characteristic of adenosine. The differences between mechanically-stimulated adenosine CV 

extra peak at 0.5 V and the adenosine CV in the flow cell (Figure 1) are due to the ionic 

changes after lowering the electrode in the tissue.41,42 
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Figure 2 Examples of mechanically stimulated adenosine release with dual channel 
measurements with 50 µm spacing. A. Brain slice set up for dual channel measurement in CA1 
region. The distance of two electrodes was varied from 50 to 200 µm. B. The color plots from 
the two channels. Top: stimulation channel (STIM CH), where the electrode was lowered for 
mechanically stimulation. The arrow marks the stimulation time. Bottom: stable channel (Stable 
CH), the stable electrode implanted 50 µm away. Adenosine is detected after the stimulation on 
Stable CH, but is smaller than on STIM CH. C. The concentration vs time traces of the primary 
oxidation peak on the two channels shows a faster rise and decay at STIM CH. D. CV of the 
adenosine signal in two channels. Red: STIM CH, Blue: Stable CH. 

Next, we changed the horizontal spacing of the electrodes, varying it between 50 and 

200 µm. To clarify the details of the two electrode positions, we implanted the first electrode in 

the medial CA1 region under the microscope, and then placed the other electrode laterally to 

vary the distance of two electrode. The top color plots in Figure 3 are from the stimulating 

electrodes, while the bottom color plots are the stable electrodes which did not move during the 

measurement. In order to prove both channels worked in the same way, we did the mechanical 

stimulation half the time on CH0 and half on CH1 and the results were similar (e.g.: experiments 

in Fig. 2A and 3B were stimulated on CH0, 3A and 3C were stimulated on CH1). The distance 

between the 2 electrodes is 100 µm in Fig 3A, 150 µm in Fig 3B, and 200 µm in Fig 3C. With a 

distance of 100-150 µm, the stable electrode detected adenosine (Figure 3A and 3B), but the 

signal is smaller and delayed. However, for 200 µm, adenosine was not detected on the stable 

electrode (Figure 3C). Figure 4 also compared the concentration vs time trends. As the distance 

between electrodes increases, the concentration of adenosine at the stable electrode 
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decreases; meanwhile, the rise time at the stable electrode is slower compared to the 

stimulation channel response. Figure 5 shows the CV of mechanically-stimulated adenosine 

(from Figure 5A-C); the secondary peak proves the signal is adenosine. 

The averaged results in Figure 3D show that the adenosine signal decreases with larger 

electrode spacing in the hippocampus CA1 region (10 slices from 6 mice). In addition, the time 

of adenosine signal on the stable electrode is delayed compared to the stimulation site. Figure 

3E shows the time delay at the stable electrode increases as the electrode distance increases. 

Both of the signal decay and time delay show significant difference at different distance (one-

way ANOVA Tukey’s multiple comparison tests, p<0.0001). These data are evidence that 

adenosine diffuses from the site of the stimulation to the other electrode up to 150 µm.   

Figure 3. Mechanically-stimulated adenosine measurement with different electrode distance. A-
C: Top color plots are STIM CH, bottom color plots are stable CH. A. 100 µm spacing. B. 150 
µm spacing. C. 200 µm spacing. D. Difference in measured current at the stable electrode as a 
function of spacing (One-way ANOVA Tukey’s multiple comparisons test, overall p<0.0001, 
p=0.0002). Current is normalized to the current measured on the stimulation electrode (which is 
1).  E. Time difference between the start of the rise in current at the stimulation and stable 
electrode (One-way ANOVA Tukey’s multiple comparisons test, overall p<0.0001). D-E. All are 
10 slices from 6 male mice, measured in the Hippocampus CA1 region, Error bars are SEM, ** 
p<0.01, *** p<0.001, **** p<0.0001. 
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Figure 4 Example of concentration vs time trend of mechanically-stimulated adenosine release 
at different distances. All the time trends were obtained from the primary peak of adenosine in 
Figure 2 and Figure 3 color plot data. 

 

Figure 5 Mechanically-stimulated adenosine CV of Figure 3 color plot examples. A. 100 µm 

distance, B. 150 µm distance, C. 200 µm distance. 

 

4.3.3 Dual channel measurements of spontaneous adenosine  

Spontaneous adenosine release is another mode of rapid adenosine that can be 

measured in brain slices without a stimulation. 20,43,44 For spontaneous adenosine 

measurements, the two electrodes were implanted 50 or 200 µm apart in slices of the mouse 

hippocampus CA1 region, and spontaneous adenosine was measured continuously on both 

channels for 1h. In around 30% of the experiments, spontaneous adenosine was not detected at 

both electrodes, and these data were excluded (note, in some of these excluded experiments, 

adenosine was detected at one electrode, but not the other). Figure 6 shows example color 

plots for spontaneous adenosine measurement at two electrodes 50 µm apart (Fig. 6A, CH0, 

Fig 6B, CH1). Concentration vs time traces over the color plots show concentration changes 

estimated from the adenosine primary oxidation peak potential. The stars on the top mean the 

peak was identified as adenosine by our automated image analysis program in Matlab.40 The 

CV figure on the top right of the color plot represents the spontaneous adenosine, the tiny 
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secondary peak indicates the transient is not hydrogen peroxide. On the color plots, the white 

numbers indicate the time the transient begins. The average concentration of events at both 

electrodes is similar for both channels, as is the frequency of release. The majority of events do 

not align in time; here, there are two transients that occur at similar times on both channels, 

around 21 s. The transient at 21 s on CH0 has a smaller concentration than the transient at 20.5 

s on CH1.  We examined transients that occurred within 2 s of each more carefully to determine 

if there was evidence of diffusion.   

Figure 6 Examples of spontaneous adenosine release in dual channel. A: Channel 0 (CH0). B: 
Channel 1 (CH1). Top: concentration vs time trace, with stars marking peaks that were identified 
as spontaneous adenosine with an image analysis program coded in Matlab. A represent CV of 
spontaneous adenosine from the color plot transients is also presented. Bottom: Color plots in 
dual channel, with start times of transients indicated.  

 

Figure 7 compares the average data for spontaneous adenosine release at two 

electrodes at different distances (50 µm and 200 µm). The 200 µm distance was chosen 
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because mechanically-stimulated adenosine did not diffuse that far. Thus, we hypothesized that 

spontaneous transients measured on both the channels beyond 200 µm distance would not be 

due to diffusion. These data were obtained from 8 mouse brain slices from 6 male mice at each 

distance. Figure 7A shows the average number of transients detected on each channel is not 

significantly different (Two way-ANOVA, Sidak’s multiple comparison test, interaction p=0.84, 

channel p=0.56, spacing p=0.57, n=8 slices).  The average concentration of spontaneous 

adenosine on each channel is also not significantly different (Figure 7B, two way-ANOVA 

Sidak’s multiple comparison test, interaction p=0.63, channel p=0.35, spacing p=0.21, n=8 

slices for each group). The average half time of each transient (7C) is also similar for all 

channels and spacing (Two way-ANOVA, Sidak’s multiple comparison test, interaction p=0.48, 

channel p=0.68, spacing p=0.79, n=8 slices for each group). Figure 7D compares the 

distribution of inter-event times (time between two consecutive transients in one channel), and 

there is an overall significant difference in distribution but no significant differences for the two 

channels in the same slice (one way-ANOVA multiple comparisons, Kruskal-Wallis test, overall 

p<0.0001, CH0 50 vs CH1 50 p=0.32, CH0 200 vs CH1 200 p=0.2115, n=8 slices). Thus, the 

distribution of spontaneous adenosine events is similar on both channels. Moreover, the 

distribution can be fit by a one phase decay which is similar to the previous results in both rat 

and mouse model, suggesting that spontaneous adenosine events are randomly released in the 

brain.21,25 The results in Figure 7 show that there is no significant difference of transient events 

at different detection sites in the CA1 region: all of the electrodes detect a similar frequency and 

concentration of spontaneous adenosine release. However, these data do not tell us about 

coincident release, and so that was examined next.  
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Figure 7 Characterization of spontaneous adenosine at different spacing (50 µm and 200 µm). 
A. Average number of transients per hour (Two way-ANOVA, Sidak’s multiple comparison test, 
interaction p=0.84, channel p=0.56, spacing p=0.57, n=8 slices). B. Average concentration of 
transients in each slice (Two way-ANOVA Sidak’s multiple comparison test, interaction p=0.63, 
channel p=0.35, spacing p=0.21, n=8 slices per group). C. Average duration (peak width at half 
height). Two way-ANOVA, Sidak’s multiple comparison test, interaction p=0.48, channel p=0.68, 
spacing p=0.79, n=8 slices per group. p. D. Inter-event time distribution (50 s bins) of all 
adenosine transients (One way-ANOVA multiple comparisons, Kruskal-Wallis test, overall 
p<0.0001). The error bars are SEM. 

In order to understand if spontaneous adenosine was detected on both electrodes 

simultaneously, we investigated the times of all the spontaneous adenosine transients. Table 1 

shows aggregate data of coincident transients for both distances. When electrodes were 50 µm 

apart, about 10.5% of all the transients occurred within 2 s of a transient at the other electrode. 

Similarly, at 200 µm distance, 10.1% of all transients occurred within 2 s of a transient on the 

other electrode. To state it another way, about 90% of transients did not occur within 2 s of a 

transient detected on the other channel, so we considered that 90% of transients were not due 

to diffusion or coordinated release.  If adenosine is diffusing from a point of release to the other 

electrode, we would expect the first transient to be detected to be a higher concentration so we 

examined whether the earlier transient had higher release (Table 1). About 50% of the earlier 

transients were higher concentration and 50% of the later transients were higher concentration, 

so there is no pattern of higher concentrations at the first transient. These results show that 
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spontaneous adenosine is randomly released, and the similar release time is likely not due to 

adenosine diffusion from the electrode to the other. 

To understand if the 10% of coincident transients were occurring because of random 

chance, and not coordination, we also compared the times of transient release from different 

slices, where there would obviously be no coordination.  Table 2 shows the details of the 

comparison, and about 8% of transients on average were within 2 s of a transient in the other 

slice.  Thus, the 10% numbers we measured with dual channel measurements are similar to the 

8% of transients that occurred within 2 s by random chance, and there is likely no coordination 

between events.   
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Table 1. Comparison of simultaneously released events (tdiff < 2 s) 

Spacing Parameter Simultaneously 
released (<2 s) 

Higher conc. 
in earlier 
release 

Higher conc. 
in later 
release 

50 µm 
 
 

Number of 
transients 
within 2 s 

70  
 
 

38  
 
 

32  
 

Percentage 10.5 % 54.3 % 45.7 % 

200 µm 
 

Number of 
transients 
within 2 s 

60 26 34 

Percentage 10.1 % 43.3 % 56.7 % 

Table 2 Comparison of simultaneously released adenosine from different slices. (8 slices were 

compared one by one) 

Slice number Number of transients within 2 s Percentage (%) 

1 vs 2 2 3 

1 vs 3 4 5.9 

1 vs 4 2 1.9 

1 vs 5 10 8.8 

1 vs 6 2 2.1 

1 vs 7 4 3.4 

1 vs 8 0 0 

2 vs 3 6 12.0 

2 vs 4 8 9.1 

2 vs 5 8 8.4 

2 vs 6 8 10.5 

2 vs 7 6 6.1 

2 vs 8 2 4.3 

3 vs 4 12 13.3 

3 vs 5 6 6.2 

3 vs 6 8 10.3 

3 vs 7 4 4.0 

3 vs 8 4 8.2 

4 vs 5 22 16.3 

4 vs 6 28 24.1 

4 vs 7 12 8.6 

4 vs 8 4 4.6 

5 vs 6 16 13.0 

5 vs 7 16 11.0 

5 vs 8 6 6.4 

6 vs 7 14 11.0 

6 vs 8 6 8.0 

7 vs 8 4 4.1 

Average 8 (4 pairs) 8.0 

Note: The numbers in first row represents different slices. Data comes from the spontaneous 

adenosine results in CH0 at 50 µm spacing (8 slices). The average percentage among from the 

table is 8.0%. 
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4.4 Discussion 

The goal of this study was to understand the spatial and temporal range of adenosine 

signaling. Mechanically-stimulated adenosine was detected 150 µm away from the stimulation 

site in the hippocampus CA1 region, indicating that stimulated adenosine affects a portion of the 

CA1 region after a brain injury.  However, spontaneous adenosine did not diffuse even 50 µm, 

indicating that spontaneous adenosine is extremely localized in the brain. Only 10% of 

spontaneous adenosine events occurred within 2 seconds of an event on the other channel, 

indicating most of the transient events are not released in coordination. Thus, using multiple 

electrodes helps define that an injury to the brain causes more regional neuromodulatory effects 

but spontaneous adenosine is a highly localized modulatory signal likely related to local cell 

activity. The short range of rapid adenosine neuromodulation needs to be taken into account 

when designing treatments that take advantage of rapid adenosine neuromodulation.   

4.4.1 Mechanically-stimulated adenosine has a longer spatial range of signaling  

Moving an electrode in the brain slice generates sheer stress in the tissue, and this 

causes ATP release from cells that is rapidly degenerated to adenosine.26,45 While electrode 

movement is an artificial stimulus, shear stress occurs in other types of brain injury like 

traumatic brain injury.25,45 The high concentration of mechanosensitive adenosine release could 

act as a neuroprotector to inhibit other neurotransmissions in the brain, which is similar to the 

role that adenosine plays in brain injury.46,47  Here, we defined the spatial range of adenosine in 

tissue due to an injury at a point location.  Adenosine signal decreases when the distance 

between two electrodes increase and then was not detected when the electrode was 200 µm 

away. Adenosine is cleared by metabolism and taken up by transporters, so the signal 

decreases with distance.21  Because we only measured in one direction, we would expect 

mechanically-stimulated adenosine to influence a sphere with a radius of about 150 µm, which 

is smaller than the size of the specific CA1 region.  The average concentration of mechanically-
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stimulated adenosine is 0.5-1 µM at the stimulation and about 0.1 µM at 150 µm away.  

Considering the high affinity of adenosine A1 (KD~70 nM) and A2A receptors (KD~150 nM), 

mechanical stimulation would be able to activate these receptors even at 150 mm away from 

the stimulation.48,49 Thus, the concentration of mechanically-stimulated adenosine is high 

enough to activate the most abundant A1 receptors and inhibit other neurotransmitters to when 

injury occurs. This spatial resolution provides a better knowledge on how far the stimulated 

adenosine could potentially modulate other neurotransmitters like dopamine in the brain. There 

is also a time delay that arises from diffusion. With a diffusion constant of 5*10-5 cm2/s, the time 

delay for 150 µm is expected to be about 2 s, similar to what we measured.50,51 The duration of 

the signal is about 30 s which is much longer than the time delay. Therefore, mechanically-

stimulated adenosine has a regional influence and would provide neuroprotection within 2 s.   

4.4.2 Spontaneous adenosine acts as a localized transient neuromodulator in brain 

Spontaneous adenosine release has a more localized spatial profile than mechanically-

stimulated release. Most (90%) of events that were detected at an electrode had no 

corresponding event on the other electrode.  If adenosine was diffusing from one electrode to 

another then the transient detected first would be expected to have the highest concentration.  

However, results were random with about 50% of earlier transients being larger concentration 

and 50% of later transients, numbers that did not depend on spacing.50–53 Thus, there is no 

evidence that adenosine is diffusing even 50 µm in the brain. While our spatial resolution was 

limited by our microscope accuracy, closer spacings would be needed to understand the 

diffusion distance.  The magnitude of spontaneous adenosine (0.1 µM) is less than that of 

mechanically-stimulated adenosine (0.5-1.0 µM), so the diffusion distance is smaller and most 

of the adenosine is likely cleared or metabolized locally.  Spontaneous adenosine is likely 

formed after breakdown of ATP released from vesicles,20 so its rapid neuromodulation would be 
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linked to neuronal activity. Thus, it would have only a very local effect, signaling at receptors in 

its immediate subregion for only 2 to 3 seconds.  

The low percentage of simultaneous spontaneous adenosine release indicates that there 

is no evidence of widespread coordination of adenosine transients. Instead, the results point 

towards spontaneous adenosine being randomly released on both channels.  Interestingly, the 

same percentage of coincident events was detected for 50 and 200 µm distances, so if there is 

coordination, it would be over a 200 µm range.  In addition, correlating data from separate slices 

showed 8% of transients occurred within 2 s of another, our best estimate of what random 

chance would be.  This 8% random chance number is very similar to 10% we measured with 

dual channel measurements, which suggests there is no coordination.  Our results show that 

different local regions within the CA1 region have similar frequency of spontaneous adenosine 

release, indicating that when spontaneous adenosine events are detected at electrodes, there 

are not specific ‘hot spots’ or ‘cold spots’ in CA1 region. Therefore, spontaneous adenosine is a 

random, non-coordinated signal that occurs throughout the CA1 region.   

 

4.4.3 Mechanically-stimulated adenosine and spontaneous adenosine perform different roles 

in neuromodulation in the brain. 

 

There are two potential reasons that the diffusion impact is different between 

spontaneous and mechanically-stimulated release. The concentration of mechanically-

stimulated adenosine is over 5-fold higher than spontaneous adenosine, and the higher 

concentration may cause a larger diffusion range, because it will overwhelm local metabolic 

enzymes and transporters.54,55 In addition, spontaneous adenosine events only last a few 

seconds and the shorter duration will allow faster clearance.21 The two types of adenosine 

release may also be differently modulated in the brain, which may cause differences in the 
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range of signaling. For example, studies with genetic knockout mice found that spontaneous 

adenosine is modulated by A1 receptors and ATP degeneration enzymes CD39 and CD73 but 

mechanically-stimulated release was not regulated by adenosine receptors and ATP 

degeneration enzymes.24,25,56  

The different range of the modes of rapid adenosine release demonstrate that 

mechanically-stimulated adenosine and spontaneous adenosine play different roles of 

neuromodulation. Spontaneous adenosine is more localized, causing neuromodulation only in a 

very discrete location in the brain for a few seconds, and there is little coordination over the 

CA1. While these random, localized events change frequency under ischemia or with drugs, 

they still would be discrete events.6,57 The frequency of spontaneous adenosine is likely related 

to cell activity, and thus localized neuromodulation would occur in regions of high activity. 

Mechanically-stimulated adenosine has a larger concentration and diffusion distance in brain 

and lasts for about 30 s. Thus, mechanical stress like sheer stress or other brain injury 

generates a larger adenosine release that acts in a more regional fashion to modulate other 

neuromodulators such as dopamine release or glutamate release via adenosine receptors.58–60 

The fast response to the stimulation illustrates that mechanically-stimulated adenosine could 

efficiently cause neuroprotection by inhibiting other neurotransmitters release when the damage 

or injury comes.1,61,62 Therefore, understanding the range of adenosine release is important for 

further characterizations of neuromodulation in real-time.    

With the new knowledge on the spatial profile of spontaneous adenosine signaling, we 

will be able to better understand its rapid, local neuromodulatory effects.63 For example, 

knowing that adenosine diffusion after shear stress is limited to 150 µm, treatments may be 

designed to decrease breakdown and to increase the range of neuromodulation. Also, drugs 

that increase spontaneous adenosine can be understood to be increasing only a localized 

neuromodulatory signal and not affecting an entire region. This study used a common dual-
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channel potentiostat to measure on 2 channels, but future experiments could expand on these 

methods. Larger arrays of electrodes with 8 or 16 channels would give more insight into 

diffusion and coordination of signaling over a wider area.28,31,32,64 Also, FSCV could be 

expanded to measure adenosine and other neurotransmitters, such as dopamine, 

simultaneously to investigate neuromodulation in real time.58 Thus, there is still much to be 

learned about the spatial and temporal profiles of adenosine neuromodulation and how these 

function in healthy and diseased brains.   

 

4.5 Conclusions 

In this paper, we investigated the range of mechanically-stimulated adenosine and 

spontaneous adenosine via dual channel measurements. The results show that spontaneous 

adenosine acts as a localized rapid neuromodulator in brain and it is randomly released. 

Mechanically-stimulated adenosine can diffuse 150 µm, indicating it may have influence cells 

regionally. The random release of spontaneous adenosine indicates that spontaneous 

adenosine neuromodulation relates to cell activity. Mechanically-stimulated adenosine, on the 

other hand, relates to the broader range of neuroprotection during the brain injury. Our results 

indicate more spatial information on real-time rapid adenosine detection, but many rapid 

interactions based on rapid adenosine neuromodulations and the relationship between these 

functions in the brain are still needed to be investigate in the future. 
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Chapter 5  

Optimization of graphene oxide-modified carbon-fiber 

microelectrode for dopamine detection 
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Abstract 

Graphene oxide (GO) is a carbon-based material that is easily obtained from graphite or 

graphite oxide. GO has been used broadly for electrochemistry applications and our hypothesis 

is that GO coating a carbon-fiber microelectrode (CFME) will increase the sensitivity for 

dopamine by providing more adsorption sites due to the enhancement of oxygen functional 

groups. Here, we compared drop casting, dip coating, and electrodeposition methods to directly 

coat commercial GO on CFME surfaces. Dip coating did not result in much GO coating and 

drop casting resulted in large agglomerations that produced noisy signals and slow rise times.  

Electrodeposition method with cyclic voltammetry increase the current for dopamine and this 

method was the most reproducible and had the least noise compared to the other two coating 

methods. The optimized method used a triangular waveform scanned from -1.2 V to 1.5 V at 

100 mV/s for 5 cycles in 0.2 mg/mL GO in water. With fast-scan cyclic voltammetry (FSCV), the 

optimized GO/CFME enhanced the dopamine oxidation peak two-fold. The sensitivity of the 

modified electrode is 41±2 nA/µM with a linear range from 25 nM to 1 µM, and a limit of 

detection of 11 nM. The optimized electrodes were used to detect electrically-stimulated 

dopamine in brain slices to demonstrate their performance in tissue. Thus, GO can be used to 

enhance the sensitivity of electrodes for dopamine and improve biological measurements. 
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5.1 Introduction 

Dopamine detection in the brain is important because its dysfunction contributes to 

serious neurological problems such as drug addiction and Parkinson’s disease.1–3 Dopamine 

measurement in vivo requires real time techniques with high selectivity and sensitivity because 

of its low concentration and other interferences in brain.1,4,5 Traditional methods of dopamine 

detection, such as microdialysis and chronoamperometry, are slower and do not measure in 

real time.6 Fast-scan cyclic voltammetry (FSCV) at an implanted carbon-fiber microelectrode 

(CFME) meets these requirements by providing high temporal resolution and a cyclic 

voltammogram fingerprint of the species identified.4,6–8 However, the sensitivity of CFMEs is not 

high enough to always detect dopamine, particularly in experiments with low numbers of 

stimulation pulses; thus, strategies to increase sensitivity are advantageous.9 

Carbon nanomaterial coatings have been implemented to improve the sensitivity of 

electrodes.5,10 Carbon nanotubes (CNTs) have been coated or grown on electrodes to enhance 

the sensitivity and decrease the peak to peak difference (ΔEp) for dopamine detection.11–17 In 

addition, CNT yarns and fibers have been made that have high sensitivity and good temporal 

resolution.15,18–20 Graphene has also been widely used to modify electrochemical sensors to 

improve the sensitivity.21–23 Other carbon-based nanomaterials have been used to improve the 

CFME performance, including carbon nanospikes24,25 and carbon nanofibers.26,27  Carbon 

nanohorn-coated CFMEs increase the current of dopamine detection by increasing the 

electrode surface area and the oxygen functional groups on the electrode.28 Nanodiamond-

coated CFMEs improve the sensitivity and antifouling properties for neurotransmitter 

detection.29  

Graphene oxide is another common carbon nanomaterial which is oxidized graphene 

containing several oxygen functional groups. Graphene oxide (GO) has a high specific surface 

area, and sp2-hybridized carbon on the basal plane that provides electronic conductivity.30 

However, due to the random oxidation, oxygen functional groups break up the structure, leading 
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to structural defects.  For example, epoxide groups break the conjugation of the sp2-hybridized 

carbon and hydroxyl or carboxylate groups form on the edge plane.31–35 The defects make GO 

less conductive compared to graphene and other carbon materials;30 however, oxygen 

functional groups on the edge plane are advantageous in other carbon nanomaterials for 

enhancing adsorption of dopamine, increasing dopamine sensitivity.22,36  Precise control of 

oxygenation sites is difficult, however, and orientation of these groups may play a role in 

sensitivity. Another advantage of these additional oxygen groups is that they make GO more 

hydrophilic and easier to disperse in water or other organic solvents compared to pure 

graphene.35,37,38 Therefore, several easy coating methods can be tested, such as drop casting, 

dip coating, and electrodeposition.31 GO-coated electrodes have increased sensitivity relative to 

bare glassy carbon for dopamine or other compounds, however these experiments were 

performed with glassy carbon electrodes and tested using traditional cyclic voltammetry.39,40 

Few groups focus on CFME coating, and the only study coating GO on CFMEs, by the Cui 

group, coated the GO in the polymer PEDOT to enhance the sensitivity of dopamine detection.21 

Direct fabrication of GO-coated CFMEs without polymers will provide a better understanding of 

how GO enhances the sensitivity for dopamine for possible in vivo applications.  Moreover, in 

order to avoid the difficulty of functionalization and structure differences caused by different 

fabrication methods, we use commercialized graphene oxide powder instead. 

In this study, we optimized the direct coating of GO onto CFMEs and then used it for 

detection of dopamine in tissue.  Dip coating, drop casting, and electrodeposition were 

compared to optimize the GO-coated CFME. The surface coating was evaluated with scanning 

electron microscopy (SEM) and dip coating provided little coverage, while drop casting caused 

large agglomerations of GO to attach to the electrode.  The electrodeposition method provided 

superior increases in sensitivity, along with a stable GO coating on the CFME surface. The 

optimized GO modified CFME (GO/CFME) has a 2-fold current enhancement and was 

successfully used in mice brain slices to measure electrically stimulated dopamine release. 
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Overall, GO is a facile, carbon-based material that is easily used for electrode coating to 

improve the sensitivity of dopamine detection. The improved sensitivity may enable detection of 

smaller concentrations elicited by small stimulations in the future.   

 

5.2 Experimental Section 

5.2.1 Chemicals 

Dopamine was purchased from Acros Organics (Morris Plains, NJ). A 10 mM stock 

solution of dopamine was prepared in 0.1 M HClO4. The working solutions were prepared daily 

by diluting the stock solution in a phosphate buffer saline (PBS) (131.25 mM NaCl, 3.00 mM 

KCl, 10 mM NaH2PO4, 1.2 mM MgCl2, 2.0 mM Na2SO4, and 1.2 mM CaCl2 with pH adjusted to 

7.4) to the desired concentration. Graphene oxide powder was purchased from Sigma-Aldrich 

(St. Louis, MO 63178, USA). 

5.2.2 Electrode Fabrication 

Carbon-fiber microelectrodes were fabricated by vacuum-aspirating a T-650 carbon fiber 

(7 µm diameter, Cytec Engineering Materials, West Patterson, NJ) into a glass capillary and 

pulling into two electrodes by an electrode puller (model PE‐21, Narishige, Tokyo, Japan). The 

pulled electrode tip was cut to 100 µm long and sealed with Epon Resin 828 (Danbury, CT) with 

14% (w/w) m-phenylenediamine (Acros Organics, Morris Plains, NH) hardener heated to 80 ºC. 

The electrodes were dipped into the heated epoxy for 30 s and dipped into acetone solution for 

5 s to wash out the epoxy on the carbon fiber surface. Finally, the sealed electrodes were left 

overnight at room temperature, heated to 100 ºC in an oven for 2 h and then baked at 150 ºC 

overnight. One molar KCl solution was injected into the capillary to provide the electrical 

connection between the carbon fiber and the silver wire to the headstage. Graphene oxide 

solutions were prepared by dissolving the GO powder into DI water with 0.1M NaCl and 0.001M 

sodium dodecyl sulfate (SDS) to obtain the desired concentration (0.2 mg/mL). The solution was 
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homogenized by ultrasonic tissue homogenizer (model 150VT, Biologics, Manassas, VA) for 1h 

before using. The dip coating modified electrodes were fabricated by dipping the electrodes into 

the prepared GO solution for 5 min or 10 min. Drop casting was performed by dropping 20 µL 

GO solution to cover the CFME tip on a glass slide on a 65 ºC hot plate. The dropping process 

was repeated to optimize the amount of GO on the CFME surface via the number of the drops. 

The electrodepostion method was performed via a potentiostat (Gamry Instruments, 

Warminster, PA) in an electrochemical cell containing Ag/AgCl reference electrode, Pt counter 

electrode, and CFME working electrode in the GO dispersion. A repeated cyclic voltammetric 

waveform was applied and different parameters were optimized, including scan rate, number of 

cycles, and potential range. All modified electrodes were left overnight at room temperature 

before being used. 

5.2.3 Surface Characterization 

Scanning electron microscopy (SEM) images were taken with a Quanta 650 (FEI 

Company, Hillsboro, OR) at the Nanoscale Materials Characterization Facility, Department of 

Materials Science and Engineering, University of Virginia. The secondary electron detector 

images were recorded with an accelerating voltage of 2 kV and a working distance of 

approximately 10 mm. 

5.2.4 Brain slice experiment 

All animal experiments were approved by the Animal Care and Use Committee of the 

University of Virginia. Male C57BL/6 mice (6-8 weeks old, Jackson Labs) were housed in a 

vivarium and given food and water ad libitum. Mice were anesthetized with isoflurane and 

beheaded immediately. The mouse brain was removed within 2 min and placed in 0–5°C 

artificial cerebral spinal fluid (aCSF) for 2 min for recovery. Four hundred-micrometer slices of 

the caudate–putamen were prepared using a vibratome (LeicaVT1000S, Bannockburn, IL, 

USA), and transferred to oxygenated aCSF (95% oxygen, 5% CO2), to recover for an hour 



121 
 

before the experiment. aCSF (maintained at 35–37°C) flowed over the brain slices using a 

perfusion pump (Watson-Marlo 205U, Wilmington, MA, USA) at a rate of 2 mL/min for all 

experiments. The distance between the electrode and the stimulated electrode was 50-100 µm. 

Stimulated release was electrically evoked using biphasic stimulation pulses (300 µA, 5 pulses 

at 60 Hz). 

5.2.5 Electrochemical instrumentation 

FSCV experiments were perform with a two-electrode system with a CFME or 

GO/CFME working electrode and Ag/AgCl reference electrode. A ChemClamp (Dagan, 

Minneapolis, MN, n=0.01 headstage) was used to connect the electrode and a triangular 

waveform was applied with a holding potential at -0.4 V, a switching potential at 1.3 V, a scan 

rate at 400 V/s, and repeated at 10 Hz. The PBS buffer and dopamine solution were injected 

through the flow cell by an automated two channel syringe pump (Harvard Apparatus, Holliston, 

MA) at a flow rate of 2 mL/min. The FSCV data were collected with HDCV Analysis software 

(Department of Chemistry, University of North Carolina at Chapel Hill). 

5.2.6 Statistics 

All reported values are given as the mean ± standard error of the mean (SEM) for n 

number of electrodes. Error bars are also SEM. All statistical analyses were performed in 

GraphPad Prism 8 (GraphPad Software, La Jolla, CA). Statistical significance was defined at p 

< 0.05. 

 

5.3 Results and Discussion 

The purpose of this study was to examine graphene oxide coatings of carbon-fiber 

microelectrodes in order to enhance the detection of dopamine with FSCV. First, we compared 

three different coating methods: drop casting, dip coating, and electrodeposition. Then, we 

further optimized electrodeposition method parameters, applying different waveforms. Finally, 



122 
 

the optimized GO modified CFME was used in mice brain slices to measure electrically 

stimulated dopamine release. 

 

5.3.1 Coating method comparison 

First, we compared dip coating, drop casting, and electrodeposition for CFME coating with 

GO. A 0.2 mg/mL GO solution was used for all coating methods. For dip coating, a bare CFME 

was dipped into the GO solution for 10 minutes.  For drop casting, 20 µL of GO solution was 

dropped on the electrode tip and the solution evaporated using a hot plate at 70 ºC.  This 

procedure was repeated twice.  For the electrodeposition method, a cyclic voltammetry 

waveform was applied to the CFME while it was in the GO solution, and the potential was 

ramped from -0.2 V to 1.0 V at 100 mV/s for 10 cycles.  

The top row of Fig. 1 shows example FSCV data for each coating method and bare 

electrodes.  Figure 1A shows the background charging current of bare CFMEs and GO/CFMEs. 

Dip coating or electrodeposition did not enhance the background charging current compared to 

the bare CFME; however, the background charging current dramatically increased after GO 

drop casting. Background current is proportional to surface area, so the drop casting method 

likely deposited a thick layer of GO that increased the area. Fig. 1B compares background 

subtracted CVs for 1 M dopamine. The current for the dip coated electrode is similar to the 

bare electrode, and both the drop casting and electrodeposition electrodes have larger currents 

than the bare CFME. The peak current is larger for drop casting than electrodeposition.  Peak 

positions also shift with different coatings; the oxidation peak moves slightly to lower potentials 

with electrodeposition, but shifts to higher potentials with drop casting. Figure 1C shows 

example current vs. time traces for injecting a bolus of dopamine at these electrodes. Ideally, 

the shape should be square, but adsorption of dopamine causes the shape to be more 

rounded.41  The drop casting method has a much slower current rise time and larger noise 
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compared to bare CFMEs and the other two coated GO/CFMEs.  This slow time response is 

likely due to a thick coating that slows down the dopamine diffusion into and out of the surface 

and is not ideal for biological measurements because it will distort the time response. However, 

enhanced adsorption did not influence the time response in FSCV time scale. 

Average data for GO coating methods are displayed on the bottom of Figure 1. Figure 1D 

displays average increases in background charging current and there is a significant effect of 

coating method on background current (One-way ANOVA, p<0.0001, n= 4-6 per group, error 

bars are SEM). Current for drop casting was significantly greater than bare electrodes 

(Bonferroni post-test, p<0.0001), while the current for electrodeposition and dip coating were not 

significantly different than bare. Figure 1E shows average increases in anodic current for 

dopamine and there is an overall effect of coating method on dopamine current (One-way 

ANOVA, p<0.0001, n= 4-6 per group). Drop casting has a significantly larger current than bare 

electrodes and larger increases than dip coating and electrodeposition (Bonferroni post-test, 

p<0.0001). Electrodeposition also significantly enhanced the current compared to bare CFMEs 

(p<0.001). Fig. 1F compares the average rise times, from 10% of the maximum to 90% of the 

maximum, for the current vs. time curves.  There is an overall main effect of coating and drop 

casting significantly increased the rise time compared to the other two methods and bare 

CFMEs (One-way ANOVA multiple comparison, main effect p<0.0001, Bonferroni post-test, 

p<0.0001), which indicates a thick GO coating causes slower response times. In addition, ΔEp of 

the electrodes was also compared in Figure 2, drop casting shows a significant increase 

compared to bare CFMEs, but dip coating or electrodeposition shows no significant change 

(one-way ANOVA multiple comparison, main effect p<0.0001).  The ΔEp increase of drop 

casting also proved that GO aggregated on the surface, slowing electron transfer.  
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Figure 1. Comparison of GO coating methods. (A) Background charging current by different 
coating methods (bare: red, drop casting: green, electrodeposition: blue, dip coating: black).  (B) 

Examples of background-subtracted CVs for 1 M dopamine after different coating methods. (C) 

Example current vs. time trace of the electrode response to a square bolus injection of 1 M 
dopamine. (D) Average background charging current (n=4-6, one-way ANOVA main effect 

p<0.0001, Bonferroni post-test.) (E) Average anodic peak current of 1 M dopamine (n=4-6, 
error bars represent SEM, one-way ANOVA with Bonferroni's multiple comparisons test 
p<0.0001), (F) Average rise time (time from 10% of to 90% of the maximum current). (n=4-6, 
one‐way ANOVA with Bonferroni's multiple comparisons test.) *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Error bars are SEM. 

 
Figure 2. Average ΔEp by different coating method. (n=4–6, error bars represent SEM, 
one‐way ANOVA with Bonferroni post‐test compared to the control (red bars) ****p<0.0001) 
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Figure 3. SEM images of (A) bare CFME, (B) drop casting GO/CFME, (C) dip coating 
GO/CFME, (D) electrodeposition GO/CFME. 

Figure 4. Average anodic peak current by drop casting in different concentration. (2 drops, 20 
µL per drop) (n=4–6, error bars represent SEM, one‐way ANOVA with Bonferroni post‐test 

compared to the control (red bars) ****p<0.0001) 
 

Fig. 3 compares the electrode surfaces with the different coating methods.  The bare CFME 

surface (Figure 3A) is relatively smooth, with some striations. With drop casting, there is an 
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obvious thick coating of GO on the surface of the electrode (Fig. 3B).  For dip coating (Fig. 3C), 

there is almost no coating with GO. With electrodeposition (Fig. 3D), GO is deposited in a 

sparse coating on the surface. The thickness of GO coating is in nanometer range by 

electrodeposition but more on the micron scale by drop casting. 

The electrochemical data and SEM images together tell a story about the extent of GO 

coating and how that affects electrochemical signals.  Drop casting GO increased the dopamine 

oxidation current by 3-fold but the background charging current increased nearly 10-fold, which 

means the surface area of the electrode increased more than the Faradaic signal.42 The SEM 

results in Figure 3B show large GO aggregates on the surface. Therefore, GO coating by drop 

casting produces a thick layer, and not all of it is on the surface accessible for electrochemistry. 

Other concentrations of GO were tested for drop casting (Fig. 4), but lower concentrations did 

not show significant current enhancement, while higher concentrations provided such a thick 

layer that the amplifier was overloaded, meaning the background current was over 10,000 nA.  

The thick coating on the surface creates a multilayer structure that slows dopamine diffusion to 

the electrode surface, and this causes the rise time to slow significantly (Figure 1B and 1F). The 

significantly larger average ΔEp also proved that the thick coating by drop casting decreases the 

kinetics of the reaction (Figure 2). Additionally, GO aggregation on the carbon fiber surface led 

to a large variability in the currents between electrodes, and an unstable charging background 

because noise is proportional to background charging current.43  For these reasons, drop 

casting was not considered an ideal method of coating GO on the surface.   

The dip coating method failed to coat GO on the electrode surface, likely because the GO 

preferred to agglomerate in solution and did not adhere to the carbon fiber surface without any 

driving force.44 There was little GO that adhered to the electrode and little change in 

electrochemical properties with dip coating. Thus, dip coating is not a good method for 

depositing GO on CFMEs.  However, dip coating is also a control group for electrodeposition, 

and a better signal for electrodeposition than dip coating demonstrates that applying a potential 
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is advantageous for coating GO on the electrode.  

Electrodeposition was the most successful method for depositing a thin layer of GO on the 

electrode surface.  Several other carbon nanomaterials, such as carbon nanotubes and carbon 

nanohorns,13,28  have been successfully electrodeposited on CFMEs using CV, so we used CV 

here. Compared to dip coating and drop casting, electrodeposition showed the best overall 

results of increasing sensitivity without slowing the time response. Electrodeposition enhances 

GO coating as negatively charged GO and sodium dodecyl sulfate particles are attracted to the 

carbon fiber surface when the positive potential is applied.38,45 The SEMs in Figure 3D show that 

electrodeposition provides a thin coating on the surface, and this thin coating did not 

significantly increase the background current, which is a measure of surface area. Thus, the 2-

fold current enhancement after electrodeposition is due not to an increase in overall surface 

area but to adding sites that promote dopamine adsorption. The small increase in background 

current is advantageous because the noise remains low.  Moreover, the rise time for the i-t 

curve (Figure 1D) remained fast because there were no large agglomerations of GO that would 

trap and slow dopamine diffusion. Therefore, electrodeposition method is the most promising 

method for GO deposition, compared to dip coating and drop casting.  Next, we optimized CV 

waveforms for electrodeposition.   

 

5.3.2 Optimization of GO Electrodeposition Method 

    The electrodeposition method was further optimized by changing different parameters of the 

cyclic voltammetry for electrodeposition, such as scan rate, number of cycles, and the potential 

range of the triangular waveform. Here, we used a triangular waveform from -0.2 V to 1.0 V to 

optimize the scan rate and the numbers of CV cycles. First, the scan rate of CV was varied from 

50 mV/s to 150 mV/s.  Fig. 5A shows the average anodic peak current significantly increased 

with 10 cycles of 50 mV/s and 100 mV/s, however, the signal started to decrease at a higher 

scan rate of 150 mV/s (one-way ANOVA, main effect p<0.0001, n=4-6, Bonferroni post-tests, 
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error bars are SEM). For the optimal scan rate of 100 mV/s, 5 cycles was compared to 10 

cycles, and the improvement in currents were similar.   

Figure 5. Optimization of scan rate and number of cycles for electrodeposition. Cyclic 
voltammetry scanned from -0.2 V to 1.0 V. (A) Average anodic peak current comparisons of 
electrodeposition using different scan rate and number of cycles. (B) Average rise time by 
different parameters. (n=4-6, one‐way ANOVA with Bonferroni post-test. Main effect p<0.0001), 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars are SEM. 
 

Figure 5B shows the average rise time of the GO/CFMEs coated by different CV 

parameters and there is a significant effect of electrodeposition parameters (one-way ANOVA, 

main effect p=0.0005, error bars are SEM). Scanning at 50 mV/s and 100 mV/s for 10 cycles 

produced rise times significantly slower than bare CFMEs.  The rise time for 100 mV/s for 5 

cycles is not significantly different than bare CFMEs. The slower rise time indicates that more 

GO is aggregating on the surface. The increased rise time at 50 mV/s and 100 mV/s for 10 

cycles is likely due to the longer electrodeposition time because the slower scan rate and more 

cycles allow more GO particle aggregation on the surface, which slows down the rise time 

response. Therefore, 100 mV/s for 5 cycles was the optimal scan rate and number of cycles, 

and the potential range optimization was performed using these parameters. 

Next, we optimized the potential range for the electrodeposition, testing the effects of 
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extending the anodic and cathodic limits.  The potential range was extended from -1.2 V to 1.5 

V to compare whether a further reduction of GO or a further oxidation of GO results in better 

performance of dopamine measurement.46,47  Two new waveforms were compared to bare 

CFMEs and the standard waveform used previously (-0.2 to 1.0 V): the oxidation waveform from 

-0.2 V to 1.5 V (100 mV/s, 5 cycles), and the extended waveform -1.2 V to 1.5 V (100 mV/s, 5 

cycles). In addition, a no GO control was performed where the extended waveform (-1.2 V to 1.5 

V) was applied to the electrode in a solution without GO in order to prove that it is not only 

waveform activation of the CFME that is giving the effect.48  Figure 6 shows the average anodic 

peak current for dopamine and there is a significant main effect of waveform on dopamine 

current (One-way ANOVA, main effect p<0.0001, n=6). All three electrodeposition waveforms 

enhanced the dopamine peak current significantly compared to bare CFMEs (Dunnett’s post-

test, p<0.0001) but the waveform only (-1.2 V to 1.5 V, no GO) control did not have significantly 

greater current than CFMEs.  The extended waveform (-1.2 V to 1.5 V) showed the largest 

average current increase and the average current is also higher than the standard waveform (-

0.2 V to 1.0 V) and the oxidation waveform.  While increased adsorption could slow the 

temporal response, the extended waveform did not increase the rise time of the electrode 

(average 1.5 s), because the timescale of FSCV is only 0.1 s, slower than adsorption.41 

The extended waveform from -1.2 V to 1.5 V showed the best anodic peak current 

increase because scanning to 1.5 V can further oxidize GO to increase the oxygen functional 

groups, which enhances dopamine adsorption. However, the highly positive potential may also 

create epoxy groups on the GO basal plane and reduce the conductivity.31 The reason the 

cathodic limit was lowered to -1.2 V is that the hydroxyl group and the epoxy group on GO can 

be reduced at this negative potential. The carboxyl group, which is mainly present at the edge 

plane, cannot be reduced because it requires -2.0 V for reduction.40 Therefore, the -1.2 V to 1.5 

V waveform provides more oxygen functional groups on the edge plane and prevents a further 

oxidation on the basal plane, but -0.2 V to 1.5 V waveform decrease the conductivity of the GO 
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basal plane by reducing epoxy groups. A reduction waveform from -1.2 V to 0.2 V was also 

applied for the optimization, but the electrodeposition failed because of large aggregation of 

reduced graphene oxide (rGO) on the electrode surface after coating, which overloaded the 

instrument amplifier. The increased aggregation suggests that the reduction of GO on the basal 

plane results in a structure more similar to graphene. Thus, rGO is more likely to aggregate 

layer by layer by π-π stacking compared to GO. With the aggregates, the amount of material on 

the electrode significantly increased and thus, the background charging current increased,49 

overloading the instrument amplifier. However, most of that aggregated material is not on the 

surface that is exposed to the solution and is not useful for electrochemistry. The control 

experiment proved that the current increase is not due to the carbon fiber surface activation by a 

high positive potential,50 and the current increase comes from the GO coated on the surface. 

Therefore, the optimal method for modifying CFMEs with GO is electrodeposition with cyclic 

voltammetry from -1.2 V to 1.5 V at 100 mV/s for 5 cycles.  

Figure 6. Average anodic peak current comparison for the waveform optimization and the 
control experiment. The control was done by applying the extended waveform (-1.2 V to 1.5 V) 
to the bare CFME in the solution without GO (n=6-8, error bars represent SEM, one-way 
ANOVA with Dunnett’s comparison to CFMEs, **p<0.01, ****p<0.0001, ns=no significance). 
Error bars are SEM. 
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5.3.3 Analytical Performance of the GO/CFMEs 

Figure 7A shows the relationship between the scan rate and anodic peak current. The 

scan rate was varied from 50 V/s to 1000 V/s, and the log scan rate and log anodic peak current 

is linear with a slope of 1.15 (R2= 0.9989) which is near to 1. Therefore, the scan rate is 

proportional to the anodic peak current on the optimized GO/CFMEs, and the dopamine redox 

reaction is adsorption-controlled at the GO/CFME.41 Figure 7B shows the concentration 

dependence of the dopamine anodic peak current at GO/CFME. The electrode was tested in 

different concentration dopamine solutions from 25 nM to 100 µM. The optimized GO/CFME 

shows a linear relationship from 25 nM to 1 µM (R2=0.9949). At higher concentrations, however, 

the anodic peak current is nonlinear with concentration because the adsorption sites on the 

electrode are saturated and the kinetics are more diffusion-controlled.42 This trend to become 

non-linear at higher concentrations is similar to bare CFMEs and other modified CFMEs such as 

CNT-coated CFMEs and carbon nanohorn-coated CFMEs.28,41 Although the linear range in this 

work is slightly smaller than some other coated CFMEs,9,28 most in vivo dopamine 

measurements are less than 1 µM,1,51,52 so the linear range is suitable for brain slice or in vivo 

dopamine measurements. The sensitivity of optimized GO/CFME is 43 nA/µM, and high 

sensitivity will facilitate measurements of smaller concentrations of dopamine release. In Fig. 

7C, the CV of 25 nM dopamine is shown, and the peaks for dopamine are clearly visible.  The 

LOD for the optimized GO/CFME is 11 nM, calculated using a S/N ratio of 3 from the current vs 

time curve.  

Figure 7D shows the stability test of the GO/CFME electrode. The coating on the 

electrode needs to be stable for hours in order to make biological measurements.  Therefore, 

the FSCV waveform was applied for 4 hours to the electrode in the flow cell, and 1 µM 

dopamine solution was injected every hour to measure the anodic peak current. The anodic 

peak current did not decrease significantly in a 4 h period, (one-way ANOVA multiple 

comparison, main effect, p=0.4328, n=4) and the normalized peak current was over 90% of the 
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initial signal after 4 h.  Thus, the GO/CFME electrodes are stable and the GO does not fall off 

during the time course of a typical experiment, even when the waveform is applied continuously. 

Figure 7. Analytical performance of the optimized GO/CFME. (A) Scan rate experiment. (n=4) 
The slop of the log i and log v is 1.15, which is close to 1, indicating adsorption-control. (B) 
Concentration dependence. Plot of the anodic peak current of dopamine vs. dopamine 
concentration. The plot shows the linear range from 25 nM to 1 µM (n=3). (C) Example CV of 25 
nM dopamine measurement in PBS pH=7.4. (D) Stability test. Anodic peak current was 
measured every hour for 4h (n=4) as the FSCV waveform was constantly applied. Error bars 
are SEM. 

 

While this is the first study of directly coat GO on CFMEs, previous studies also found 

that coating GO on glassy carbon electrode surfaces enhance the electrochemical performance 

and increase the sensitivity.40,53 Moreover, while we are the first to use electrodeposition with 

graphene oxide, it has been applied in coating other nanomaterials on glassy carbon as well as 

CFMEs.4,28 For graphene oxide, because enhancement of oxygen functional groups increases 

adsorption for dopamine, future experiments could focus on surface treatments to functionalize 

more oxygen functional groups on the electrode surface. For example, oxygen plasma or laser 

treatment could provide more active sites on the edge plane to further enhance the 

sensitivity.19,20 However, if GO is too functionalized with oxygen, it will lose its conductivity, so 
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adding more oxygen groups is a balance between promoting adsorption and maintaining 

conductivity. 

5.3.4 GO/CFME in Brain Slice Experiment 

To further prove the optimized GO/CFME can be applied in biological experiments, 

electrically stimulated dopamine release was measured in mice brain slices. Here, we used 

biphasic stimulation pulses to electrically evoke dopamine in the caudate-putamen region of 

C57B mice and used optimized GO/CFME to measure the stimulated dopamine release. Figure 

6 shows that GO/CFME provides a good time response for measuring dopamine release in the 

brain tissue, and the transient dopamine lasts for about 1.7 s. The traces for stimulations 1 and 

2 do not come quite back down to baseline, which is normal compared to previous publications, 

and the slight reduction in “hang-up” with the third stimulation may due to pH shift in the brain 

environment.54,55 Using a precalibration factor, the amount released is about 25 nM.  The small 

concentration might due to biofouling in the brain tissue, but the current signal has similar scale 

compared to other published carbon-based electrode for stimulated dopamine measurement.4,54 

Further experiment could be done to investigate the biofouling on the coated electrode, 

examining signals before and after tissue implantation. Figure 6 also shows the CV for 

dopamine release. The time course of dopamine release was similar as to previous work with 

bare CFME, but the amount of dopamine we measured was smaller.55 Thus, the GO/CFME is 

useful for measuring small amounts of dopamine in biological tissue.  
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Figure 6. Brain slice experiment. Stimulated dopamine release was electrically evoked using 
biphasic stimulation pulses (300 µA, 5 pulses at 60 Hz) The i-t curve of the electrical stimulated 
dopamine release in caudate-putamen region. Subtracted CV of the 1st stimulated dopamine 
release is attached near the arrow. 
 

5.4 Conclusions 

 We compared three different coating method to deposit graphene oxide on bare carbon-

fiber microelectrodes, and electrodeposition provides the best coating result with a 2-fold anodic 

current increase without sacrificing rise time, and 11 nM for the LOD. Although drop casting has 

a higher signal increase compared to electrodeposition method, drop casting slows down the 

rise time and provides poor reproducibility. Further optimization of the electrodeposition method 

shows that a broader potential range of the CV waveform (-1.2 V to 1.5 V) provides a higher 

anodic peak current of dopamine, and the GO coating is very stable on the electrode surface. In 

addition, the optimized GO/CFME was used to successfully measure electrically-stimulated 

dopamine release in mouse brain slice.  Overall, this is the first study to directly coat the 

commercialized graphene oxide powder on the carbon-fiber microelectrode, and shows that 

electrodeposition is useful as a method for GO deposition.  GO is a potential carbon-based 

material to enhance the sensitivity for cationic neurotransmitters and improve in vivo 

measurements. 
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Chapter 6  

 

Conclusions and Future Directions 
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6.1 Contribution to the field 

 In this dissertation, I investigated the mechanisms of rapid adenosine neuromodulation 

in mouse brain slices. In addition, I also optimized carbon-fiber microelectrode performance by 

coating electrodes with nanomaterials. This chapter will summarize the main impacts of my 

studies and discuss the future directions. 

6.1.1 The mechanisms of rapid adenosine release and modulation in the brain 

 My dissertation characterized two modes of rapid adenosine in mouse brain slices using 

FSCV: (1) spontaneous adenosine release, and (2) mechanically-stimulated adenosine release. 

Although rapid adenosine formation and release mechanisms have been investigated for 

several years, we still do not fully understand the rapid formation and modulation of adenosine 

in the brain. Chapter 2 compared rapid adenosine release in three types of mice: wild-type 

mice, A1KO mice, and A2AKO mice. The average number of spontaneous adenosine events was 

significantly higher in A1KO mice, but the concentration of spontaneous adenosine did not 

change in A1KO mice. These results indicate that the frequency of spontaneous adenosine is 

presynaptically modulated by A1 receptors. A2A receptors did not modulate the frequency of 

spontaneous adenosine but affected the concentration of spontaneous adenosine. Results for 

spontaneous adenosine in brain slices showed similar trends to the in vivo results. 

Mechanically-stimulated adenosine showed a significantly higher concentration in A1KO mouse 

brain slices, but the concentration was not significant different in A2AKO mice. Therefore, A1 

receptors also modulate mechanically-stimulated adenosine. This is the first study to investigate 

how adenosine receptors directly modulate rapid adenosine release. Since A1 receptors play a 

main role in rapid adenosine modulation, rapid adenosine might relate to neuroprotection in the 

brain. These results also indicate that rapid adenosine might interact with or affect other 

neurotransmitter release in the brain. Understanding the role of adenosine receptors in rapid 
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adenosine modulation will provide more information for pharmacological designs on relative 

diseases.  

 Chapter 3 focused on rapid adenosine formation. Previous studies showed that rapid 

adenosine formation was mainly from extracellular ATP degeneration.1–3 Therefore, ATP 

channels are candidate release sites for extracellular rapid adenosine formation. Pannexin 

channels are transmembrane proteins that regulate ATP release.4 ATP is rapidly released from 

Pannexin 1 channels; Pannexin 1 channels are also mechanosensitive to ATP release.5 

Therefore, Pannexin 1 might be one of the mechanisms of rapid adenosine formation. Chapter 

3 measured spontaneous adenosine and mechanically-stimulated adenosine separately in 

Pannexin1 knockout mice. The results indicated that Pannexin 1 channels were not the 

mechanisms of spontaneous adenosine release, but Pannexin 1 channels partially affected 

mechanically-stimulated adenosine release. In addition, a high dose of carbenoxolone did not 

further influence rapid adenosine formation indicating other pannexin channels and connexins 

did not mediate rapid adenosine formation. This is the first time to investigate the role of 

Pannexin 1 channels on rapid adenosine formation. Although pannexins and connexins are not 

the mechanisms of spontaneous adenosine formation, this research still contributes important 

information for future studies on spontaneous adenosine formation. Future studies could focus 

on the role of exocytosis and adenosine transporters on rapid adenosine formation. 

 In summary, this thesis provides more understanding on the formation and modulation of 

rapid adenosine in the brain. The role of adenosine receptors on rapid adenosine modulation 

indicates that rapid adenosine is important for local neuroprotection. Since A1 and A2A receptors 

are abundant in the brain and modulate other neurotransmitter release, future studies could 

investigate the rapid adenosine neuromodulation on dopamine, serotonin, and glutamate 

release to further understand the neuroprotection roles of rapid adenosine. For rapid adenosine 

formation, gap junction proteins and pannexins are not the main mechanism of release. 
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Although ATP can be released via pannexin channels rapidly in some other tissues, this 

mechanism does not contribute to spontaneous adenosine release. Combined with findings 

from our previous studies, exocytosis of ATP and adenosine could be the main mechanisms of 

spontaneous formation.1,6–8 The mechanosensitive pannexin 1 channel also partially modulates 

mechanically-stimulated adenosine release; this provides a clue that some other 

mechanosensitive ion channels in the membrane may also influence the formation of 

mechanically-stimulated adenosine. The Ca2+ mechanosensitive ion channels could be 

investigated in the future for mechanically-stimulated adenosine formation. 

6.1.2 Understanding the range of rapid adenosine release in the brain 

 A carbon-fiber microelectrode combined with FSCV is the main technique for rapid 

adenosine characterization in our lab. However, single electrode detection limits the spatial 

resolution of measurements. Chapter 4 improved the spatial resolution for rapid adenosine 

measurement by using dual channel FSCV. This is the first time that rapid adenosine was 

simultaneously monitored at two different sites in the brain. By varying the distance between the 

two electrodes, the range of rapid adenosine signaling was characterized. Mechanically-

stimulated adenosine was simultaneously measured within 200 µm, but spontaneous adenosine 

was localized and randomly released within 50 µm. These results also indicate that 

mechanically-stimulated adenosine and spontaneous adenosine might perform different roles in 

neuromodulations in the brain. The fast response to the stimulation illustrates that mechanically-

stimulated adenosine could efficiently cause neuroprotection by inhibiting other 

neurotransmitters released when the damage or injury happens.9–11 Spontaneous adenosine 

might be related to cell activity, and thus localized neuromodulation would occur in regions of 

high activity.  
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Future studies could apply multiple electrodes in the brain to simultaneously monitor 

different neurotransmitter release. Multiple channel FSCV could provide more information on 

rapid adenosine modulation compared to single electrode measurements. In addition, rapid 

adenosine varied in different brain regions,12–14 the range of rapid adenosine release might be 

different. For example, Figure 6.1 shows mechanically-stimulated adenosine release in the 

caudate in dual channel FSCV. Stimulated adenosine was detectable at a 200 µm distance in 

the caudate; this range is larger than the stimulated adenosine in the CA1 region. Therefore, 

future studies could also focus on different brain regions to characterize the range of rapid 

adenosine. Overall, Chapter 4 provided more spatial information on rapid adenosine release, 

which has never been characterized before. These results provide a better understanding of the 

spatial and temporal profiles of adenosine available to act at receptors, which is crucial for 

future studies that design neuroprotective treatments based on rapid adenosine signaling. 

Figure 6.1 Mechanically-stimulated adenosine release in the caudate in dual channel FSCV. 
Current is normalized to the current measured on the stimulation electrode (which is 1). n=16 
slices from 8 mice. Error bars are SEM. 
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6.1.3 Graphene oxide coating improves the performance of dopamine detection. 

 CFMEs have been applied to detect dopamine in FSCV for decades due to its good 

electrochemical performance and stability. However, the sensitivity of CFMEs for dopamine 

detection is limited by the surface roughness and the oxygen functional groups. Improving the 

sensitivity of the electrode will provide more information on the low concentration changes of 

dopamine in the brain.15,16 Coating nanomaterials on the electrode surface enhanced the 

electrode performance, but the coating methods are various in different applications.17–19 

Chapter 5 presented graphene oxide (GO) coated CFMEs for dopamine detection. The coating 

methods including drop casting, dip coating, and electrodeposition were also compared and 

optimized in the chapter. The results showed that the electrodeposition method has a better 

coating on the surface, and GO coated CFME enhanced the sensitivity of dopamine detection. 

In addition, the modified electrode was also applied in brain slices to detect stimulated 

dopamine release. 

 The advantage of this work is that GO was directly coated on the microelectrode surface 

via simple methods. Previous studies reduced graphene oxide first and coated it on the 

electrode, or coated graphene oxide with conductive polymer together on the surface.20,21 This 

work showed how GO itself contributed to the electrode performance, and it also compared 

different coating methods that were normally ignored in other work. The comparison showed 

that drop casting caused aggregation on the surface of the coated nanoparticles that tend to 

stack. In addition, previous work on nanomaterial-modified CFMEs was only tested in the flow 

cell; but this work further applied the GO/CFMEs in brain slices for biological approaches. 

Moreover, the abundant oxygen functional groups of GO will provide a substrate to immobilize 

enzymes or DNA sequences for biosensors or aptamer sensors fabrication in the future.22 

Finally, the coating results indicate that GO is also a good carbon-based material for dopamine 
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sensing, and pure GO microelectrodes such as growing on metal wires will provide more 

dopamine adsorption than CFMEs. 

 

6.2 Future Directions 

6.2.1 Neurotransmitter detection via multiplex analytical tools 

 Carbon-fiber microelectrodes combined with FSCV have been applied for rapid changes 

in neurotransmission and neuromodulation for decades; however, this technique only measures 

electroactive analytes, and its spatial resolution is also limited by the number of working 

electrodes.15,16 Genetically-encoded sensors have been developed for neurotransmitter and 

neuromodulator measurements recently.23–25 Genetically engineered G-protein coupled 

receptors or bacterial periplasmic binding proteins,  the two main types of sensor design, 

change the fluorescence when they are bound with the analytes.26 The fluorescence technique 

provides good spatial resolution, and the engineered proteins offer selectivity and sensitivity. 

Genetically-encoded sensors are also not limited to electroactive analytes; they are also applied 

for nonelectroactive neurotransmitters detection such as glutamate, GABA, and Ach.27–29 In 

addition, genetically-encoded sensors are also applied to monitor neuron activities in vivo by 

measuring calcium change.30 However, fluorescence sensors are difficult to simultaneously 

monitor multiple analytes, they are normally limited by two colors (red and green).31 Therefore, 

combining FSCV with genetically-encoded sensors will be a benefit to detect complex 

neuromodulation in high spatial and temporal resolution. 

 Our lab has performed multiplexed GRAB sensor and FSCV measurements in brain 

slices to demonstrate the ability to combine two techniques. Figure 6.2 shows the simultaneous 

serotonin detection via two techniques. The top figure shows how GRAB sensors are expressed 

in the brain; a CFME was applied nearby the expressing cell for electrochemical detection. 
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Electrically-stimulated serotonin was monitored simultaneously via multiplex tools, and the 

signal vs time trends are shown at the bottom of Figure 6.2. The results indicate that both 

techniques have a fast time response after the stimulation, but GRAB sensors showed slow 

reuptake due to the koff of GPCR. These results indicate that multiplexing tools improve the 

temporal and spatial profiles of neurotransmitter detection. 

Figure 6.2 FSCV and GRAB sensors recording stimulated serotonin release simultaneously. 
Traces for 20 pulse stimulations at 3 different stim frequencies (64, 32, 8 Hz). Both sensors 
increase rapidly with the stimulation, but the off kinetics is a bit faster for FSCV. 

 Future directions will be focused on multiple analyte detection via FSCV and GRAB 

sensors. Chapter 2-4 showed that rapid adenosine release could act as a neuromodulator in the 

brain, but it is difficult to monitor the complex neuromodulation of rapid adenosine by only using 

FSCV. Therefore, I proposed to investigate rapid adenosine neuromodulation via multiplexing 

techniques. 
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6.2.1.1 Investigation of Rapid adenosine neuromodulation 

 Chapter 4 indicates that mechanically-stimulated adenosine might have a 

neuroprotective role in the brain during stress or damage. To prove the prediction, I propose to 

simultaneously detect mechanically-stimulated adenosine and other neurotransmitters like 

dopamine, serotonin, and glutamate in the brain slice to investigate if the adenosine release 

inhibits neurotransmitter release in the brain. Figure 6.3 shows the schematic of the proposed 

experiment for rapid adenosine modulation on dopamine in the caudate region. Mechanically-

stimulated adenosine will still be monitored by FSCV, meanwhile, GRABDA sensors will be 

applied to detect dopamine release. Electrically-stimulated dopamine will be measured by 

fluorescence, and the intensity of dopamine release will be compared with and without 

adenosine influence. In addition, the distance between the electrode (adenosine release site) 

and the expressing cell (dopamine release site) can be varied to investigate the spatial effects. 

The hypothesis is that mechanically-stimulated adenosine will suppress the stimulated 

dopamine release. After the proof of concept, it will be possible to investigate how mechanically-

stimulated adenosine modulates other neurotransmitter release. For example, glutamate 

release will be measured via GRAB sensors, and we predict that adenosine modulates 

glutamate release, and suppresses glutamate excitotoxicity, particularly during the stroke.32,33 

Therefore, FSCV combined genetically-encoded sensors will be available to monitor the 

complex role of mechanically-stimulated adenosine modulation.  

 For spontaneous adenosine neuromodulation, the challenge will be how to control the 

electrical stimulations with random adenosine events. A manually-controlled stimulation tool will 

be needed to make it adaptable. Also, spontaneous adenosine was collected for hours in FSCV, 

but for the fluorescence technique, the simultaneous detection time needs to be shortened to 

1.5 minutes to prevent photobleaching. The hypothesis is that spontaneous adenosine only 
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modulates dopamine or glutamate nearby the expressing cell (within 50 µm). The modulation 

will be transient, only few seconds as the adenosine signal is presented. 

Figure 6.3 Schematic of the proposed experiment. Monitoring adenosine (FSCV) and its 
downstream modulation of dopamine or glutamate (genetically-encoded sensors). The green 
circles are the expressing cells.   

6.2.1.2 Rapid adenosine and neuronal activity 

 Mechanically-stimulated adenosine is activity-dependent, chelating calcium with 1 mM 

EDTA significantly decreased the concentration of stimulated adenosine. Genetically-encoded 

sensors are already available for calcium detection (GCaMP6f) with fast time response in 

vivo.34,35 Mechanically-stimulated adenosine will be collected by FSCV. Thus, simultaneously 

monitoring mechanically-stimulated adenosine and neuronal activity will present the 

mechanisms of rapid adenosine modulation, and the knowledge will link to the diseases that are 

related to neuronal activity. The hypothesis will be mechanically-stimulated adenosine will 

dampen the neuronal activity immediately, and will affect hundreds of micrometers distance. 

The neuroprotection effect will decrease as the distance between the cell and the stimulation 

site increases. 

Chapter 4 also revealed that spontaneous adenosine release was random and highly 

localized in the brain. There is evidence that spontaneous adenosine could diffuse or modulate 

neurotransmission at the 50 µm range. Previous studies showed that spontaneous adenosine 

was activity-dependent, and its formation was from ATP degeneration. Therefore, spontaneous 

adenosine release might be related to local neuronal activity. The hypothesis is that 
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spontaneous adenosine release will dampen the local cell neuronal activity, but will not affect 

other cells which are 50 µm away. This will be the first study on rapid adenosine release 

modulation of neuronal activity.  

Overall, multiplexing analytical tools will allow simultaneous measurements on both 

electroactive and nonelectroactive analytes with high temporal and spatial profiles. 

Understanding the complex neuromodulation of rapid adenosine in real-time will help future 

investigations on the mechanisms of neurodegeneration diseases and provide new insight for 

drug development on neuronal disorder diseases.  

6.2.2 Optimizing different types of microelectrodes in brain slice detection. 

 CFMEs and other carbon-based microelectrodes have been developed for dopamine 

detection for twenty years, but most of the modified or new carbon microelectrodes are not 

applied in biological measurement.36 Chapter 5 optimized the microelectrode performance by 

coating graphene oxide on the CFME surface. One of the practical problems of applying new 

microelectrodes in brain measurements is that there are no direct comparisons between the 

new electrodes and CFMEs performance in the brain tissue. Therefore, I propose a direct 

microelectrode performance in the brain slice model to analyze if the new microelectrodes are 

better than CFMEs. Figure 6.4 shows the experimental design, a CFME and the new type of 

microelectrode will be inserted in the caudate-putamen region to simultaneously detect 

electrically-stimulated dopamine via multiple channel FSCV. Since both electrodes are 

measuring the same stimulated dopamine release, we can directly compare the electrode 

performance simultaneously. Carbon nanospikes microelectrodes, carbon nanotube yarn 

microelectrodes, nanodiamond modified carbon-fiber microelectrodes, and CFMEs will be 

compared in this experiment.18,37–40 The hypothesis is that new carbon microelectrodes have 

better performance than CFMEs, which are similar to what they were claimed in flow cell 

studies. If the performance of new types of microelectrodes does not perform well in the brain 
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slice, their fabrication will need to be optimized for biological applications. In addition, 

mechanically-stimulated adenosine release could also be compared to filter a better electrode 

for rapid adenosine detection in brain slices in the future. 

Figure 6.4 Schematic of the proposed experiment. Two different types of microelectrodes are 
applied in the caudate to simultaneously detect stimulated dopamine release. 

 

6.3 Final Conclusions 

 In conclusion, this thesis expanded the FSCV research in three main directions. First, 

the mechanisms of rapid adenosine neuromodulation and rapid adenosine formation were 

characterized using global knockout mice. Second, the range of rapid adenosine release in 

brain slices was characterized for the first time by using dual channel FSCV. Finally, this thesis 

also optimized the microelectrode performance by coating graphene oxide on CFMEs and 

applied it in brain slice measurements. Investigations of new types of micro/nano electrodes in 

biological systems are also important for future upgrading in brain measurements. In the future, 

combining FSCV and genetically-encoded sensors will improve the temporal and spatial 

profiles. By simultaneously monitoring electroactive and nonelectroactive neurotransmitters, 

more complex neuromodulation of rapid adenosine in the brain will be clear. Multiplexing tools 

will reveal more real-time neurotransmitter interactions.  
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