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Electrochemical methods optimization to study the function of transient 
adenosine changes in brain slices 

 

Abstract: 

 Adenosine is found throughout the brain and is an important signaling 

molecule. Fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes is 

an electrochemical technique which allows rapid detection of neurotransmitters in 

vivo, and has become increasingly popular for adenosine detection in the brain. 

Adenosine detection can be difficult because a few neurochemicals have similar 

electrochemical signatures as adenosine and it also requires a high oxidizing 

potential; so optimizing electrochemical methods for rapid detection of adenosine is 

beneficial. This thesis describes optimized methods for adenosine detection and 

uses FSCV to study adenosine signaling in the brain. 

 Adenosine is introduced in Chapter 1. This chapter goes into detail about 

adenosine signaling, function, and mechanisms of release. The chapter also reviews the 

latest literature on rapid adenosine detection in the brain and what is still unknown. 

FSCV is introduced and types of methods optimization are discussed. Chapters 2-4 go 

into detail about specific methods used for optimized adenosine detection. Chapter 2 

focuses on comparing electrode modification techniques for dopamine, and Chapter 3 

uses the Nafion-CNT modified electrodes, described in Chapter 2, for adenosine 

detection. In this chapter, Nafion-CNT modified electrodes show enhanced sensitivity 

and selectivity for adenosine over ATP both in vitro and in situ. Chapter 4 proposes a 

new waveform for adenosine detection which allows increased sensitivity for adenosine 

at lower switching potentials and enhanced analyte differentiation. Together, these new 

techniques provide tools in which optimal adenosine detection can be achieved, 

specifically when interferents are expected.  
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 Chapters 5-6 describe the use of FSCV to study rapid changes in extracellular 

adenosine concentration in the brain. Chapter 5 explains a new method of evoking 

adenosine in the prefrontal cortex via mechanically stimulating the tissue using either the 

electrode or a pulled glass pipette. The mechanism of evoked adenosine is proven to be 

both activity-dependent and partially a downstream result of ATP metabolism. Chapter 6 

studies the function of transient adenosine release. The Chapter demonstrates how 

transient adenosine release modulates stimulated dopamine release in the caudate 

putamen. This was the first characterized function of transient adenosine in the brain. 

Together, these findings provide new information on how adenosine can be stimulated 

and the function of these rapid changes in the brain. 

 Overall, this thesis optimizes methods for rapid adenosine detection in the brain 

and uses FSCV to characterize previously unknown adenosine phenomenon. New 

electrode and waveform modifications provide the field new methods for not only 

enhanced adenosine detection, but ideas for enhancing current tools for other analytes 

that are difficult to detect; while mechanically evoked adenosine, along with a function 

for transient adenosine release, provides the field new information of rapid adenosine 

signaling. The combination of new analytical tools for enhanced adenosine detection and 

the new methods to evoke and study adenosine in the brain will help piece together the 

intricate role of rapid adenosine release in the brain.  
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Chapter 1: Introduction 

1.1 Overview of adenosine 

 Adenosine is an important neuromodulator1 and neuroprotector2 in the brain 

and is a breakdown product of ATP. Previous knowledge of adenosine was based 

on slow time resolution techniques3,4, which could not provide information on rapid 

signaling. Development of real-time measurements of adenosine release over the 

past several years has provided a wealth of information on adenosine signaling in 

the brain. Fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes5,6 

and amperometric enzyme biosensors7 have been the primary techniques for real-

time, in vivo detection of adenosine. Adenosine is now viewed not only as a slow 

acting neuromodulator, but as a rapidly released signaling molecule in the brain 

which may be important for neuromodulation or protection on a much faster time 

scale. Real-time measurements have led to a better understanding of how quickly 

adenosine can be released6,7, the mechanisms of release in different brain regions8, 

and how adenosine release regulates the response to acute brain injuries or non-

physiological conditions such as hypoxia9, ischemia10, hypercapnia11, and epileptic 

seizures10.  

1.1.1 Adenosine regulation in the central nervous system 

 Adenosine is a nucleoside byproduct of adenosine triphosphate (ATP) 

metabolism and is specifically involved in neuromodulation12,13, neuroprotection 

2,12,14,15, and regulation of cerebral blood flow in the brain16. Adenosine is also 

important in many other organs of the body such as the heart17,18 and lung19. 

Regulation of adenosine in the brain is not fully understood; however, many studies 

have examined the function of adenosine receptors, transporters, and metabolic 
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pathways. Adenosine targeted treatments for diseases such as Parkinson’s20,21 and 

Huntington’s22 have become increasingly popular. Neuroprotective effects of 

adenosine can be exploited using adenosine receptor antagonists and agonists .20,23 

Adenosine is involved in several brain disorders and diseases but little is still known 

about the immediate response of adenosine to acute disruptions in brain function or 

signaling in a diseased patient.   

 1.1.1.1 Intra- and Extracellular Formation of Adenosine. 

 Intra- and extracellular adenosine formation occurs by a variety of 

complicated mechanisms (Figure 1.1). In general, intracellular formation of 

adenosine is attributed to the catabolism of cytosolic ATP to adenosine 

monophosphate (AMP) due to metabolic stress24 as shown in Figure 1.1. Cytosolic-

5’-nucleotidase is responsible for converting AMP to adenosine. This intracellular 

mechanism of adenosine formation is linked to maintaining an energy balance within 

the cell.24 ATP exists in much higher concentrations than AMP, therefore small 

changes in ATP concentration leads to significant changes in the amount of AMP 

available for adenosine production. Another method of intracellular adenosine 

formation proposed in Figure 1.1 is from the hydrolysis of s-adenosylhomocysteine; 

(however, this pathway is not connected to energy balance in the cell and therefore 

is not the main contributor to intracellular adenosine formation.24  

 Extracellular formation of adenosine is primarily linked to extracellular ATP 

metabolism (Figure 1.1). ATP is released by exocytosis as a co-transmitter and 

broken down to adenosine by ecto-ATPase and ecto-5’-nucleotidase. Directly 

released cyclic AMP can also be extracellularly metabolized to adenosine, but this 

mode of formation has only been linked to slow changes in extracellular formation 
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(not shown in Figure 1.1).24 Recently, activity dependent release of adenosine in the 

extracellular space was discovered6,25,26; however, adenosine has not been 

identified in vesicles.  More research is needed to determine the real-time 

mechanisms of adenosine release, whether it is directly released by exocytosis and 

how the mechanism affects the time course of adenosine signaling.    

 1.1.1.2 Adenosine Receptors. 

 Adenosine is regulated by four known G-protein-coupled receptors in the 

CNS27,28: A1, A2A, A2B, and A3. A1 is the most abundant adenosine receptor in the 

brain and inhibits neurotransmission by blocking adenylyl cyclase activity. A2A is the 

second most abundant adenosine receptor expressed in the brain and activates 

adenylyl cyclase activity. Both of these receptors have low nanomolar affinities for 

adenosine, and are, therefore, the most important receptors in the brain for 

adenosine signaling.24,29 The excitatory receptor, A2B, and the inhibitory receptor, A3, 

are less abundant in the brain and are activated by micromolar concentrations of 

adenosine.24 

A1 receptors are widely expressed and can be found presynaptically, 

postsynaptically, and nonsynaptically, whereas A2A receptors are primarily in 

synapses.28,30 However, inhibitory actions are mostly a result of presynaptic A1 

receptors because they are primarily found on excitatory synapses.30-32 Adenosine 

receptors are also located on astrocytes and they may serve as a modulator of non-

neuronal brain functions.30,33,34 
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 1.1.1.3 Adenosine Transporters.

 Extracellular adenosine is regulated by bi-directional nucleoside transporters in 

the brain as shown in Figure 1.1.24,35 Nucleoside transporters are classified into two 

main categories: equilibrative nucleoside transporters (ENTs) and concentrative 

nucleoside transporters.24,35  ENTs follow a concentration gradient and can transport 

both purines and pyrimidines, whereas concentrative transporters are driven by a 

sodium gradient.  ENTs are the primary transporter responsible for regulation of 

extracellular adenosine in the brain.24,36 Equilibrative transporters, which are 

sensitive to the selective transport inhibitor nitrobenzylthioinosine (NBTI) , are called 

equilibrative-sensitive, es, whereas equilibrative-insensitive, ei, transporters are not 

sensitive to NBTI. Most research studies on adenosine transport examine es 

transporters because of the selective inhibitor NBTI. 

                                                                                                                                          
    
          

Figure 1.1:Adenosine 
mechanism of formation. 
Adenosine is formed intra- and 
extracellulary. Intracellulary, 
adenosine derives from ATP 
either from cAMP or SAH 
enzymes. Adenosine can then 
be transported out of the cell 
either by nucleoside 
transporters or by exocytosis 
or through connexin 
hemichannels (not shown). 
Extracellulary, adenosine can 
be formed by exocytotic 
release of ATP which is 

broken down to adenosine or by direct release of adenosine from inside the cell. 
Modified from Pajski et al6. 
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1.1.2 Function of adenosine in the central nervous system 

 Adenosine is an important neuromodulator in the brain and can regulate 

cerebral blood flow, the sleep-wake cycle, and excitatory neurotransmission. 

Modulating adenosine may help treat diseases and disorders such as stroke, 

ischemia, Huntington’s disease, Parkinson’s disease, epilepsy, and Alzheimer’s 

disease to name a few. Due to its widespread involvement in the brain and 

complicated regulatory system, more information is needed to improve therapeutics 

involving adenosine regulation.  

 1.1.2.1 Adenosine as a neuroprotector. 

 Neuroprotection by adenosine has been linked to the activation of A1 

receptors, due to their inhibitory nature.2,28 A1 receptors provide neuroprotection 

during ischemic attack37,38, neuroinflammation30,34, excitotoxicity22, and epileptic 

episodes.10 2,28 Neuroprotection can occur presynaptically by inhibiting excitatory 

responses or postsynaptically by hyperpolarization of cells.15,28,39 Activation or 

deactivation of adenosine receptors has sparked a new avenue of pharmacological 

agents to be studied for therapeutics. Much is known about the long term effects of 

adenosine receptor manipulation; however, the rapid response of adenosine 

receptor manipulation specifically during injury and acute insults is not as well 

understood.  

The changes on extracellular adenosine levels during brain injury and acute 

insults have primarily been studied using slow temporal resolution techniques such 

as microdialysis coupled to HPLC4,40,41 or histopathological scoring of fixed tissue 

collected up to months after injury42. Adenosine was shown to be released after 
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controlled cortical impact, a method often used to study traumatic brain injury, using 

microdialysis with HPLC4. A peak in adenosine was observed within 20 minutes of 

sampling and sampling was taken every 10 minutes. Information on amount of 

adenosine released and how long it was elevated was determined, but the sampling 

time is still too long to study mechanism of release. In another study, adenosine 

concentrations were measured during ischemia using HPLC41. Again, information 

such as ischemic markers was studied, but detailed information on time course and 

mechanisms of release were unattainable. These studies reveal the effects of 

adenosine during injury on a slow time scale; however, to understand what occurs 

immediately following injury or during conditions such as ischemia, advances in 

temporal resolution were required. The recent developments of adenosine detection 

using fast-scan cyclic voltammetry (FSCV) and amperometry have led to further 

advances of adenosine characterization in the brain which will be discussed later in 

the chapter.  

 1.1.2.2 Adenosine as a neuromodulator.

 Distinct from its neuroprotective role, adenosine is classically recognized as a 

homeostatic neuromodulator in the brain and as a synaptic neuromodulator .1 Like 

neuroprotection, neuromodulation occurs when adenosine binds to its receptor in 

the brain and either causes an inhibitory or excitatory response. The term 

“retaliatory metabolite” was given to adenosine, primarily because of its signi ficant 

role in regulating cell metabolism.1,43 In short, adenosine release from the cell 

occurs because of a concentration gradient produced when ATP is used 

intracellularly. Small concentration shifts in ATP produce large changes in 

adenosine concentration because ATP exists in much higher concentrations in the 
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cell. When intracellular adenosine levels rise, adenosine is released by bi-directional 

ENTs.  

In addition to modulating cell metabolism, adenosine modulates 

neurotransmission at the synaptic level. Adenosine can modulate dopamine44-47, 

serotonin48, glutamate49, and GABA44. Typically, adenosine acts to suppress 

neurotransmission, particularly in response to insults such as traumatic brain 

injury4,34 and stroke50. Glutamate regulation by adenosine leads to reduction in 

excitotoxicity and can reduce damage during ischemia.49  Thus, the roles of 

neuromodulation and neuroprotection often overlap.   

Neurotransmitter modulation by adenosine is traditionally thought of as a slow 

process where adenosine concentration builds up over minutes to hours after injury. 

High temporal resolution techniques have not been traditionally used to study 

adenosine modulation, so little is known about the extent to which adenosine 

modulates neurotransmission on the millisecond timescale. Over the last few years, 

real-time adenosine has been explored using electrochemistry.5,6,8,10,26,51,52 These 

new techniques for adenosine detection have led to the understanding that 

adenosine is not just a slow acting neuromodulator, but also operates on the 

millisecond timescale. This chapter will discuss electrochemical technique based 

adenosine discoveries and major contributions to the field.  

1.2  Electrochemical detection of adenosine in vivo 

 Recently, electrochemical detection of adenosine in vivo has become 

increasingly popular to monitor adenosine changes in real time. There are three 

major electrochemistry techniques used for detection of adenosine in vivo. Fast-

scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes is popular for 
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studying the mechanism of stimulated adenosine release6,53,54, comparing 

adenosine release in different brain regions8, and understanding enzymes involved 

in extracellular breakdown of AMP in spinal nociceptive circuits51,55. FSCV at 

diamond microelectrodes has been used to study respiratory rhythmogenesis.56-58 

Amperometric enzyme biosensors have been used for studying the involvement of 

adenosine in hypercapnia11, ischemia10, the sleep-wake cycle59, and epilepsy10. 

Major advancements in the field have been made using electrochemical techniques; 

however, much is still unknown about cellular sources of adenosine in the brain in 

addition to if and how adenosine modulates neurotransmission on the fast time 

scale.  

1.2.1 Adenosine characterization using fast-scan cyclic voltammetry at carbon-

fiber microelectrodes  

 Fast-scan cyclic voltammetry is an electrochemical technique where a 

triangular waveform is rapidly applied to the working electrode and current 

monitored from electroactive species undergoing redox reactions at the electrode 

surface. Carbon-fiber microelectrodes were developed for dopamine detection and 

are also typically used for adenosine detection.5,6,60-62 The traditional triangle 

waveform for dopamine detection begins at -0.4 V and linearly ramps to 1.30 V and 

back down to the holding potential until the next scan. Adenosine oxidizes at a 

higher potential5,63, so 1.45 V or 1.50 V is used as the switching potential for 

adenosine detection (adenosine waveform shown in Figure 1.3A). The frequency of 

data collection for FSCV is 10 Hz, so that scans are repeated every 100 

milliseconds. Fast repetition rates are beneficial for studying neurotransmitters in 

vivo. Scan rates ranging from a hundred to a thousand V/s are used for 

neurotransmitter detection; however, 400 V/s is the typical scan rate used for most 
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compounds.5,64 High scan rates are beneficial for enhancing sensitivity but they can 

produce relatively large nonfaradaic background currents. The background current 

arises from the movement of ions in solution and oxidation of functional g roups on 

the surface of the electrode and is larger than the typical Faradaic current. However, 

background currents are stable at carbon-fiber microelectrodes which enables 

background subtraction, leading to a background subtracted cyclic voltammogram 

(CV). CVs provide a fingerprint for the analyte of interest, allowing for some 

selectivity between analytes.  

R=ribose unit 

Figure 1.2: Adenosine electrochemical reaction. Adenosine has three oxidation 
reactions, but only two are typically detected at carbon-fiber microelectrodes. Each 
oxidation results in a loss of two electrons. The second and third oxidation reaction is 
reversible; however, the reduction peaks are harder to quantitate with FSCV for 
adenosine.  

Adenosine is an electroactive molecule making it ideal for electrochemical 

detection63. Adenosine undergoes a series of three oxidation reactions (Figure 1.2), 

only two of which are typically seen at carbon-fiber microelectrodes.5 The primary 

oxidation is at around 1.40 V and shows up on the cathodic scan due to slow 

kinetics. The secondary oxidation peak appears at 1.0 V. The primary oxidation for 

adenosine is irreversible so no reduction peak is observed. An example of a 

background-subtracted adenosine CV is shown in the inset of Figure 1.3B.  The 

primary and secondary peaks for adenosine are marked.  Figure 1.3B also shows a 

three dimensional color plot for adenosine. The plot displays voltage on the y-axis, 

time on the x-axis and current in false color. The green color represents oxidation of 
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adenosine and two oxidation peaks are visible. A current versus time trace is often 

used in FSCV to monitor changes in adenosine in vivo.  (Figure 1.3, above the color 

plot). Current versus time traces are useful for studying clearance rates in vivo and 

adsorption properties in vitro. The trace can also be converted to a concentration vs 

time plot by using a calibration factor obtained either before or after the in vivo 

experiment.   

Modifications to the traditional triangle shaped waveform have been shown in 

the past to increase sensitivity to specific analytes of interest65 and to reduce fouling 

at the electrode66. Optimized serotonin66 and tyramine67 waveforms have shown 

reduced fouling, while an extended dopamine waveform has shown increases in 

dopamine oxidative current65. The holding potential, switching potential, and shape 

of the waveform can all be manipulated easily to maximize sensitivity and selectivity 

to a particular analyte. Traditionally, waveform modifications are for sensitivity 

enhancements and fouling diminishing only, but in this thesis I will discuss in 

chapter 4 how a waveform modification can be used to discriminate adenosine 

amongst some of its common interferents in the brain using principal component 

analysis (PCA). 

 Carbon-fiber microelectrodes are advantageous for rapid electrochemical 

measurements due to their ease of fabrication, affordability, and stability in vivo. 

They are advantageous for fast voltammetric measurements in small sample 

volumes because they have small diameters and a high surface area to volume 

ratio. Carbon-fiber microelectrodes are made by inserting a carbon-fiber into an 

empty glass capillary tube, pulling the capillary into two tapered electrodes via a 

capillary puller, and then cutting the fiber at the glass-fiber interface and polishing 

for a disk shaped electrode, or cutting the fiber approximately 50 µm from the glass 
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end to have a cylindrical electrode (SEM Figure 1.4). The opening between the 

glass and fiber is then sealed using an epoxy resin and hardener combination.  Disk 

shaped electrodes are beneficial for spatially resolved measurements; however, 

cylindrically shaped electrodes are what is typically used in vivo because of larger 

surface area. 

Figure 1.3: Example FSCV adenosine 
waveform and data in vitro. A) The 
adenosine waveform used is a triangle 
waveform starting at a -0.4 V holding 
potential and linearly ramping to 1.45 V and 
linearly ramping back down to the holding. 
The waveform is applied at a rate of 400 V/s 
and it repeated every 100 ms. B) A 3-D color 
plot for an in vitro calibration of 5 µM 
adenosine is shown. The y-axis is voltage, x-
axis is time, and the current is shown in false 
color. Green represents oxidative current. At 
4s, adenosine is injected into the flow cell 
and at 8s the analyte is removed, shown by 
the red bar. An increase in current is 
observed at the switching potential (1.45 V) 
and at 1.0 V in subsequent scans. The 
current versus time plot, at the primary 
oxidation peak for adenosine, is shown 
directly above the color plot.  The CV for 
adenosine in the inset. Distinct primary and 
secondary oxidation peaks characteristic of 
adenosine electrochemistry at carbon-fiber 
microelectrodes are marked.  

  

Figure 1.4: Scanning electron 
microscopy (SEM) image of a 
carbon-fiber microelectrode. The 
carbon-fiber was vacuum aspirated 
into a glass capillary and pulled into 
two tapered electrodes (one shown). 
The fiber was cut ~ 50 µm from the 
end of the glass for a cylinder 
electrode.  
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 Modifications to carbon-fiber microelectrodes are often explored to further 

enhance sensitivity for analytes of interest and to increase electron transfer kinetics 

of the oxidation and reduction reaction. Carbon-fiber microelectrodes can be easily 

modified using polymers52,66, enzymes68, electrochemistry65, and carbon 

nanotubes69 or  combination of techniques52,70. Modification with polymers can be 

beneficial for selectivity enhancements based on charge; however, they also can be 

attributed to slowing the temporal response of the electrode. Electrochemical 

enhancement by applying a high potential to the electrode prior to use has shown an 

increase in sensitivity for dopamine.65 The increases observed for dopamine are 

because of the renewable surface from breaking carbon-carbon bonds and oxygen 

functionalization.65 Carbon nanotube modification is highly beneficial because of 

increases in electron transfer kinetics and surface area.71 Combinations of polymers 

and carbon nanotubes are not as well characterized in the literature. In Chapter 2 

and 3 of this thesis, I will describe for the first time Nafion and carbon nanotube 

modified electrodes for enhanced detection of both dopamine and adenosine 

respectively.  

 1.2.1.1 Characterization of carbon-fiber microelectrodes for adenosine 

detection using FSCV. 

Adenosine detection using FSCV was first reported by Brajter-Toth’s group in 

200072. Nanostructured carbon-fiber microelectrodes were fabricated for enhanced 

detection of adenosine. The applied waveform was from -1.0 V to 1.50 V at a scan 

rate of 500 V/s. Electrochemical pretreatment of electrodes further enhanced the 

detection of adenosine in vitro. Several different methods of electrochemical 

treatments and buffer compositions for adenosine detection were explored, and 
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adenosine was best detected in phosphate buffer72,73 with a limit of detection (LOD) 

in vitro of 5 µM.   

In 2007, our lab further characterized carbon-fiber microelectrodes for 

adenosine detection using FSCV5. The electrochemical reaction was analyzed and 

the two oxidation peaks in the adenosine CV were identified. By maximizing 

adsorption and minimizing noise, the LOD was 15 nM5, two orders of magnitude 

smaller than previously reported73. Several other biologically relevant molecules 

chemically similar to adenosine were examined. Purines such as guanine and 

hypoxanthine have similar structures, however their oxidation peaks are at different 

potentials than adenosine. AMP and ATP have similar CVs to adenosine but carbon-

fiber microelectrodes are not as sensitive to them.  

 1.2.1.2 Characterization of diamond electrodes for adenosine detection 

using FSCV. 

Boron-doped diamond microelectrodes have also been explored for adenosine 

detection with FSCV56. Diamond is electrically insulating, so it is essential to 

introduce impurities into the sp3-hybridized tetrahedral matrix of diamond, like boron, 

to make a conductive electrode. A thick film of boron-doped diamond is deposited 

onto a substrate, like metal, by chemical vapor deposition (CVD)58. Low nanomolar 

limits of detection were obtained with diamond microelectrodes, which is beneficial 

for studying adenosine levels in vivo. Diamond microelectrodes are advantageous 

compared to carbon-fiber microelectrodes due to their increased sensitivity and 

resistance to fouling58. Signal-to-background ratios are improved compared to 

carbon-fibers because of lack of functional group oxidation reactions and increased 
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capacitance. However, despite the increase in sensitivity, they are much larger than 

carbon-fiber microelectrodes (80 µm) and are difficult to reproducibly insulate58.   

 1.2.1.3 Adenosine modulates respiratory rhythmogenesis.

 Diamond microelectrodes were used to study the modulation of respiratory 

rhythmogenesis by adenosine in the PreBötzinger complex of the rat brain stem 56. 

This region contains many adenosine releasing neurons responsible for regulation 

of respiration in the rat. After activation of adenosine A2A receptors by CGS 21680, a 

large increase in current was observed and confirmed to be adenosine by its 

fingerprint CV. This was the first study to use FSCV in an animal model to study 

adenosine and showed that adenosine may have a role in respiration regulation 56.  

 1.2.1.4 Short electrical stimulations elicit rapid adenosine changes.

 By applying pulse trains at a bipolar stimulating electrode to elicit release, 

stimulated release has been characterized using FSCV at carbon-fiber 

microelectrodes6,8,53. Electrical stimulation mimics fast neuronal activation due to a 

discrete stimulus and causes rapid neurochemical changes in the brain.  Our lab 

was the first to study electrically-stimulated adenosine in the caudate putamen in 

vivo using FSCV53. Stimulated adenosine release was verified by administering an 

ENT inhibitor, a histamine synthetic precursor, and an adenosine kinase inhibitor. 

The ENT inhibitor, propentofylline, significantly decreased stimulated adenosine 

release, which demonstrated that short high frequency stimulations caused release 

of adenosine from inside the cell. ABT-702, the adenosine kinase inhibitor, 

significantly increased stimulated adenosine release which is expected since this 

drug blocks adenosine metabolism. No effect was observed after the addition of L-
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histidine, a histamine synthetic precursor, which verified that the stimulated release 

was adenosine and not histamine since their CVs are fairly similar (Figure 1.5).  

 

Figure 1.5: Stimulated release is 
adenosine and not histamine in 
the caudate putamen. Five µM L-
histidine, a histamine precursor, 
was administered to verify the 
stimulated release signal was 
adenosine. A) in vitro signal of 5 µM 
L-histamine and B) adenosine. C) 
Current versus time trace of 
stimulated release in vivo. The 
signal did not change after L-
histidine administration so 
histamine release is not being 
electrically stimulated in the 
caudate putamen. Reproduced from 
Cechova et al53. 

  

 1.2.1.5 Adenosine transiently regulates oxygen concentrations.

 The effect of adenosine on oxygen levels in the brain have also been studied in 

vivo using FSCV53. Adenosine is a vasodilator and regulates cerebral blood flow so 

it was expected that stimulating adenosine release would affect oxygen levels in the 

brain16. To measure oxygen changes, a waveform was used that scanned to lower 

potential sufficient to reduce oxygen53,74. Blocking intracellular release of adenosine 

with propentofylline caused a decrease in the amount of oxygen detected. From this 

study, the effects of adenosine as a vasodilator were confirmed to occur on the 

millisecond timescale.  
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 1.2.1.6 A1 receptors self-regulate stimulated adenosine release.

 The A1 receptor has been demonstrated to have some autoreceptor 

characteristics in vivo using FSCV54. Cechova et al. showed that adenosine A1 

receptors modulate adenosine release in the caudate putamen, which means that 

they self regulate adenosine release54. A1 receptor agonists decreased both 

stimulated dopamine and adenosine release. A1 agonists and antagonists had an 

immediate effect on stimulated adenosine release, whereas the effect on dopamine 

release was delayed, as previously reported54,75. This study also examined how A1 

interactions with dopamine D1 receptors modulated adenosine release. 

Administration of the A1 receptor agonist, CPA, and the D1 receptor antagonist 

SCH23390 showed that the A1-D1 interaction modulates adenosine and dopamine 

release in vivo54.  

 1.2.1.7 Stimulated adenosine release is activity dependent in multiple 

brain regions.

 The mechanism of stimulated adenosine release was first characterized using 

FSCV in brain slices from the rat caudate putamen6. Our lab showed that stimulated 

adenosine release is primarily activity-dependent and compared the mechanism of 

release using low frequency (10 Hz) and high frequency (60 Hz) stimulation 6. 

Blocking equilibrative nucleoside transporters significantly increased both low and 

high frequency stimulated adenosine release, implying that intracellular formation of 

adenosine is not responsible for release. Low frequency stimulated adenosine 

release was dependent on extracellular ATP metabolism, whereas high frequency 

stimulated release was not. Adenosine release was dependent on calcium influx, as 
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perfusing with either EDTA or EGTA to chelate calcium decreased the signal for 

both low frequency and high frequency stimulations.  

Activity-dependent adenosine release can be due to (1) direct vesicular release 

of ATP from neurons or glia, which gets metabolized to adenosine, (2) downstream 

release of adenosine after exocytosis of another neurotransmitter, or (3) direct 

release of adenosine from the cell by exocytosis25,76,77. To determine the mechanism 

of activity-dependent adenosine release, case 1 and case 2 were tested using 

FSCV6. ATP metabolism (case 1) was blocked with a combination of an NTPDase 

inhibitor and an ecto-5’-nucleotidase inhibitor6. Blocking ATP metabolism did not 

affect high frequency stimulated adenosine release; but significantly reduced low 

frequency stimulated release. Thus, different stimulation frequencies produced 

different mechanisms of adenosine release. For example, high frequency stimulation 

occurs during stressful events, so adenosine release in response to a stressful 

environment is not dependent on extracellular ATP metabolism.  

Case 2 was tested by decreasing dopamine release using a VMAT inhibitor and 

blocking downstream action of the ionotropic glutamate receptors, AMPA and 

NMDA6. Dopamine did not affect adenosine whereas blocking ionotropic glutamate 

receptors significantly reduced stimulated adenosine release for both low and high 

frequency stimulations in the caudate putamen6. Thus, adenosine release may be a 

downstream action of exocytotic glutamate release.   

The mechanism of high frequency stimulated release was then compared in 

multiple brain regions: the dorsal caudate putamen, nucleus accumbens shell, CA1 

region of the hippocampus, and the prefrontal cortex. Adenosine release in all 

regions was activity-dependent but the mechanism of release varied. In the caudate 
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putamen and nucleus accumbens, stimulated release was dependent on ionotropic 

glutamate receptors whereas in the hippocampus and prefrontal cortex, adenosine 

release was dependent on extracellular ATP metabolism8 (Fig. 6). This study 

demonstrates the complexity of adenosine release in the brain. Although adenosine 

release was activity-dependent in all regions, dependence on either glutamate or 

ATP changed based on the brain region. 

Figure 1.6: Mechanism 
of stimulated adenosine 
release varies by brain 
region: (A) Caudate 
putamen, (B) Nucleus 
accumbens shell, (C) 
CA1 region of the 
hippocampus and (D) 
Prefrontal cortex.  
Stimulated adenosine 
release was dependent 
on both voltage-gated 
Na+ channels by 0.5 µM 
tetrodoxin (TTX) and 
Ca2+ by chelating 
calcium with 1 mM EDTA 
in all brain regions. 
Adenosine release was 
dependent on ionotropic 

glutamate receptors (10 µM 6-cyano-7-nitroquinoxaline-2,3-dione, CNQX) in the dorsal 
caudate putamen (A) and nucleus accumbens shell (B). Adenosine release was 
dependent on ATP release (50 µM ARL 67156 + 100 µM α,β-methylene adenosine 
diphosphate, AOPCP) in the nucleus accumbens shell (B), hippocampus (C), and the 
prefrontal cortex (D). Reproduced from Pajski et al8. 

 1.2.1.8 FSCV to study adenosine deaminase kinetics.

 Xu et al. showed how FSCV at carbon-fiber microelectrodes can be used to 

monitor enzyme kinetics78. We examined the kinects of adenosine deaminase, the 

major enzyme responsible for metabolic breakdown of adenosine to inosine. Salt 

concentrations dramatically changed enzyme activity, and inhibitors of adenosine 

deaminase were not competitive in the presence of divalent cations78. Caffeine, an 
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adenosine receptor antagonist, increased enzyme activity. This provides a fast and 

easy way to screen drug effects on enzyme kinetics in vivo.  

 1.2.1.9 Adenosine release during deep brain stimulation causes 

microthalamotomy effect.

 Essential tremor patients and Parkinson’s disease patients often see an 

immediate relief from tremors immediately following electrode implantation during 

deep brain stimulation (DBS) procedures79. This is referred to as the 

microthalamotomy effect. Kendall Lee’s group discovered that adenosine was 

elevated immediately after electrode implantation, preceding the microthalamotomy 

effect in the ferret thalamus80. In 2012, Lee et al. implanted a DBS probe into 7 

human patients, and also saw the microthalamotomy effect along with release of 

adenosine in all patients79.  Future studies could probe whether adenosine is a 

cause or effect of the microthalamotomy effect during implantation in deep brain 

stimulation.   

The Lee group also discovered that high frequency stimulation (HFS) in ferret 

thalamic slices causes non-activity dependent (TTX-resistant) adenosine release, 

indicating a non-neuronal source such as astrocytes80. The waveform used for 

adenosine detection was scanning from -0.4 to 1.5 V at a scan rate of 400 V/s 

(Figure 1.7a). Figure 1.7b shows adenosine is released within 10-15s after HFS. A 

clear primary and secondary peak is observed, indicating the release is from 

adenosine. The primary and secondary peaks have similar current versus time 

profiles (Figure 1.7c), but the secondary peak did not last as long. Figure 1.7d 

shows the background current before and after stimulation, and a small change is 

indicated. The CV confirming adenosine release is shown in Figure 1.7e, and the 
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primary and secondary peaks are marked. No adenosine pharmacology experiments 

were performed, but they would help verify adenosine release in the future.  

 

Figure 1.7: Adenosine release occurs after high frequency stimulation (125 Hz, 200 
µA, for 5s, 100 µs pulse width) in thalamic slices. A) FSCV waveform for adenosine 
detection involved scanning from -0.4 to 1.5 V at 400 V/s. B) Color plot for adenosine 
shows adenosine release immediately following stimulation, as indicated by the black 
box at top of color plot. Release lasted for two minutes after stimulation. C) Current 
versus time trace of the primary and secondary peak of adenosine after stimulation. D) 
Background current changes over time before and after stimulation. E) CV for adenosine 
where primary and secondary peaks are denoted by the black arrows.  Reproduced from 
Tawfik et al.80 

 1.2.1.10 AMP hydrolysis to adenosine inhibits pain-sensing response in 

spinal cord.

 AMP hydrolyzes to adenosine in spinal lamina II neurons responsible for 

nociceptive (pain-sensing) responses51,55. Three enzymes were found to hydrolyze 

AMP to adenosine in these neurons: prostatic acid phosphatase (PAP), ecto-5’-

nucleotidase (NT5E), and tissue-nonspecific alkaline phosphatase (TNAP). Figure 

1.8 shows example data for adenosine release in spinal lamina II neurons. AMP was 
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applied to the slices and subsequent adenosine formation was measured at carbon-

fiber microelectrodes (Figure 1.8a)51. CVs for adenosine in brain slices were 

compared to in vitro (Figure 1.8b), and both exhibit clear primary and secondary 

oxidation products. Color plots for all mouse types are shown in Figure 1.8c-f. 

Knockouts of PAP, NT5E, and dKO were all compared. Adenosine release was 

significantly reduced in both NT5E and dKO at pH 7.4 (Figure 1.8h) and was 

significantly reduced in all knockouts at pH 5.6 (Figure 1.8j). An acidic pH was used 

to test whether the enzymes had a pH preference since pH fluctuations are not 

uncommon under normal physiological conditions. For example, excitatory synapses 

become transiently acidified following glutamate release. The data also suggested 

that the third enzyme involved was not an acid phosphatase due to adenosine 

reduction in dKO mice; and this was later confirmed. 

Street et al. also discovered spontaneous adenosine transients which occurred 

in spinal lamina II slices51.  Double knockout mice of PAP and NT5E had reduced 

adenosine transient frequency, likely due because of limited AMP hydrolysis. This 

was the first time spontaneous transient adenosine release had been observed in 

the CNS. Together, these studies provide useful information on how adenosine is 

produced from pain-sensing neurons and may provide important therapeutic targets 

for adenosine manipulation.  
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Figure 1.8: AMP hydrolysis 
to adenosine is reduced in 
PAP and NT5E knockout 
mice. Wild type (WT), PAP -/-, 
NT5E -/-, and double 
knockout (dKO) mice were 
compared. A) Schematic of 
experimental set up. 5’-AMP 
was picospritzed onto spinal 
lamina II neurons and 
degradation to adenosine 
was detected at carbon-fiber 
microelectrodes with FSCV. 
B) Example CV of adenosine 
for both in vitro and in slice 
data.  Two oxidation peaks 
characteristic for adenosine 
is observed. Color plot for 
WT (C), PAP -/- (D), NT5E -/- 
(E), and dKO (F) show 
differences in concentration 
of adenosine released. 
Differences in pH were tested 
and pH 7.4 (G) produced 
more current for all mouse 
types compared to pH 5.6 (I). 
Average adenosine 
concentrations for each 

mouse type in pH 7.4 (H) and pH 5.6 (J) show less adenosine in more acidic pH. 
Adenosine was significantly reduced in NT5E -/- and dKO (H & J) and in PAP -/- (J). 
Figure was reproduced from Street et al 51. 

 1.2.1.11 Spontaneous transient adenosine release. 

Most recently, spontaneous transient adenosine release was detected using 

FSCV at carbon-fiber microelectrodes in vivo.81 In this study, adenosine release was 

detected both in the caudate putamen and the prefrontal cortex upon eliciting no 

stimulation. The release events only lasted a few seconds and were on average 

0.17 ±0.01 µM in the caudate and 0.19±0.01 µM in the prefrontal cortex.  

Spontaneous adenosine release was more frequently detected in the prefrontal 

cortex. In both the caudate and the prefrontal cortex, transient adenosine release 

was regulated by inhibitory A1 receptors. This is the first time spontaneous 
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adenosine release had ever been characterized and may provide useful information 

in the future on rapid adenosine signaling in the brain. Further characterization will 

provide information on how the transients are regulated in multiple brain regions, the 

mechanisms of release, and the importance of them in the brain.  

 1.2.1.12 Enhanced understanding of adenosine signaling using FSCV.

  FSCV detection of adenosine with carbon-fiber microelectrodes has led to a 

wealth of information on the timescale of adenosine signaling and mechanisms of 

release. FSCV has shown that the mechanism of transient adenosine release is 

always activity dependent6, although the specific dependence on glutamate 

signaling or ATP breakdown can vary by region8. This is different than slower 

signaling which is primarily due to reverse transport24,82. Rapid neuromodulation by 

adenosine during deep brain stimulation implantation for Parkinson’s disease 

patients was also discovered using FSCV suggesting that adenosine is the 

important signaling molecule during the microthalatomy effect79. Parkinson’s disease 

is a dopamine dysregulation disease so treatments have focused on dopamine 

therapies83-86; FSCV has also been used to study the mechanism of adenosine 

formation during pain-sensing regulation51. A new enzyme was discovered in spinal 

cord neurons which is responsible for adenosine formation from AMP. The most 

attractive attributes of FSCV with carbon-fiber microelectrodes are rapid detection 

and low limits of detection. Previously, adenosine was monitored on the minute to 

hour time scale using microdialysis coupled to HPLC, so fast changes in neuronal 

activity went undetected3,87. The ability to measure adenosine changes in real time 

has led to a better understanding of the complex mechanism of stimulated 

adenosine release in different brain regions8. Real-time measurements after 

mimicking neuronal firing with stimulated release is beneficial to fully understand 
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adenosine rapid signaling. Utilization of fast sensing techniques such as FSCV has 

changed our understanding of adenosine signaling in the brain. Not only is it a 

neuromodulator, but it is important on the millisecond timescale in biologica l 

functions such as respiration56. Understanding adenosine modulation on a rapid 

timescale will be beneficial for further developing adenosine therapeutics for disease 

treatments. In this thesis, in Chapters 5-6, I will show how FSCV at carbon-fiber 

microelectrodes have been used to study adenosine function in the brain.   

1.2.2 Adenosine characterization using amperometric adenosine micro-

biosensors 

 The development of small amperometric adenosine sensors in the early 

2000s88 has facilitated many studies on the release mechanisms of adenosine89 and 

its roles in brain diseases10,11. Adenosine selective enzyme sensors are made by 

entrapping xanthine oxidase, purine nucleoside phosphorylase and adenosine 

deaminase on a platinum microelectrode using a derivatized pyrrole polymer 88. This 

enzyme cascade causes adenosine to break down to inosine then hypoxanthine and 

then to uric acid and hydrogen peroxide90. The hydrogen peroxide concentration is 

proportional to purine concentration and hydrogen peroxide is detected at the 

electrode using amperometry. Amperometry measurements do not provide a 

fingerprint CV for the analyte studied, so the confidence in detection is lowered.  

  The diameter of the biosensors ranges from 7 µm to 50 µm and the linear 

concentration range is similar to carbon-fiber microelectrodes (50 nM to 20 µM)91. A 

null sensor which contains no enzymes is often used in parallel with the adenosine 

sensor so that background subtraction of non-adenosine activity can be achieved. 

With FSCV and carbon-fiber microelectrodes, no additional electrode is required. A 
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sensor which lacks the first enzyme to break down adenosine to inosine can also be 

used to verify adenosine is detected, and not one of its metabolites91.  With FSCV, a 

null sensor control is not needed. The enzyme sensors are typically held at 500 mV 

using a potentiostat so that hydrogen peroxide can be oxidized88,90; however, many 

other chemicals in the brain oxidize at similar potentials so careful controls are 

needed to ensure other chemicals are not detected. Despite their drawbacks, 

adenosine biosensors have provided a wealth of information on adenosine biological 

function. Enzyme biosensors are also commercially available from Sarissa-

biomedical.  

 

Figure 1.9: Schematic of biosensor. The enzyme layer is coated between two 
permselective layers which enhance biocompatibility and block interferences. For 
adenosine, the enzymatic layer consists of xanthine oxidase, purine nucleoside 
phosphorylase and adenosine deaminase in a derivatized pyrrole polymer. The sensing 
tip is insulated, is between 7-50 µm in diameter, and protrudes 0.5 to 2 mm in length.  
Reproduced from Dale et al.91 

 1.2.2.1 Activity-dependent adenosine release in the cerebellum is 

modulated by endogenous neurotransmitters.

 Stimulated release has been characterized using amperometric adenosine 

biosensors. Activity-dependent adenosine release occurred after electrically 

stimulating cerebellar slices76. Because the release was modulated by receptors 

which act on parallel fiber-Purkinje cell synapses, parallel fibers were considered 
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the most likely release sites76. Parallel fiber-Purkinje cells are inhibited by both 

GABAB and mGlu4 receptors92,93. Administration of either a GABAB receptor agonist, 

baclofen,  or a mGluR receptor agonists, L-AP4, inactivated parallel fiber-Purkinje 

cell transmission and decreased adenosine release; therefore, adenosine release 

requires activation of parallel fiber-Purkinje cells and is modulated by GABA and 

glutamate in this region76.  

Blocking K+ channels with 4-aminopyridine (4-AP) increased adenosine release 

in the cerebellum26. After applying 60 µM 4-AP, a single pulse stimulus could be 

used to evoke adenosine release26. The adenosine metabolism blocker erythro-9-(2-

hydroxy-3-nonyl) adenine (EHNA), was used to verify adenosine release. 

Electrophysiological experiments confirmed that 4-AP increased the width of the 

action potential by increasing Ca2+ influx into the cell, allowing more adenosine to be 

released26. Interestingly, adenosine release without 4-AP was glutamate receptor 

independent whereas adenosine release after 4-AP was AMPA receptor dependent. 

Release in the presence of 4-AP was also found to be activity-dependent by 

blocking Ca2+ influx and using TTX to block voltage-gated sodium channels26.  

In 2012, Klyuch et al. studied how both mechanisms (train and single-spike) of 

adenosine release in the cerebellum were controlled by the metabotropic receptors 

A1, GABAB, and mGlu494. They discovered that metabotropic receptors (A1, GABAB, 

mGlu4) modulate adenosine release, including the adenosine release which is 

independent of ionotropic glutamate activation (train evoked)94. The adenosine 

receptor A1, together with GABAB and mGlu4, potentiated adenosine release but A1 

is most important in adenosine modulation. Blocking metabotropic receptors induced 

train stimulus evoked adenosine release which was previously found to be 

independent of ionotropic glutamate activation in 201126. Metabotropic receptor 
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inhibition also attenuated single spike adenosine release which is dependent on 

ionotropic glutamate receptor activation94. Adenosine release in the cerebellum is 

highly complex and involves several endogenous neuromodulators.  

Further characterization of activity-dependent adenosine release in the 

cerebellum revealed that a portion of release is not due to extracellular breakdown 

of ATP89. Activity-dependent adenosine release in the cerebellum of mice lacking 

the CD73 gene which encodes ecto-5’-nucleotidase (which converts AMP to 

adenosine) revealed ATP independence89. The adenosine release that was 

independent of ATP was modulated by mGlu4 activation. These findings further 

support the complexity of adenosine signaling within the brain and that direct 

exocytosis may be possible.  

 1.2.2.2 Adenosine is released during hypoxia in the hippocampus.

 Adenosine release during hypoxia has been an accepted phenomenon for 

several years3,95,96. Hypoxia is a physiological condition in which adequate oxygen is 

not delivered to the tissue.  Previous studies of adenosine during hypoxia heavily 

relied on slow temporal resolution techniques such as HPLC3,97. More recently, 

adenosine biosensors have been used to understand the time course of adenosine 

signaling during hypoxia9,90,98,99.  

In 2000, Dale et al. discovered and validated adenosine release during hypoxia 

in the hippocampus using amperometric biosensors90. Hypoxic episodes of different 

durations were studied and adenosine increased steadily during both 5 minute and 

10 minute episodes90. Doubling the hypoxic episode time resulted in doubled 

adenosine release, confirming the relationship between hypoxia and adenosine. The 

increase in adenosine correlated with a decrease in synaptic transmission90. 
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Removal of extracellular Ca2+ significantly increased adenosine release whereas 

increased Ca2+ reduced adenosine release. This suggests that adenosine release is 

not dependent on Ca2+ but the amount is regulated by extracellular Ca2+90. Later, 

Pearson et al. showed that repeated exposures to hypoxia in the hippocampus 

resulted in weakened depression of synaptic transmission and adenosine release100. 

Release is partially restored after recovery or exogenous adenosine application. 

These findings suggest a depletable but replenishable pool of adenosine100.  

Smaller amperometric enzyme sensors were used in 2003 by Frenguelli et al . to 

confirm adenosine release during hypoxia9. The smaller sensors provided a more 

accurate depiction of adenosine release during hypoxia because they were inserted 

in the tissue, instead of being placed on top9. The improved sensor also lead to the 

discovery of the post-hypoxia purine efflux (PPE)9. PPE is a large increase in 

adenosine production as the brain returns to normoxia. The function of PPE is 

unknown, but it was mostly attributed to reoxygenation of the brain causing changes 

in nitric oxide, adenosine, or intracellular pH9. Together these studies provide 

information on rapid adenosine signaling during hypoxia.  

 1.2.2.3 Adenosine is released during hypoxia in the nucleus tractus 

solitarii (NTS) of the brainstem.

 In vivo measurements in the NTS region of the brainstem confirmed adenosine 

release as a result of hypoxia101. Adenosine release was much smaller in the rostral 

region of the ventrolateral medulla (VLM) than the NTS. Adenosine release in both 

regions was not correlated with a decrease in respiration, so adenosine release was 

not believed to modulate the hypoxia-induced decrease in respiration during hypoxic 

ventilatory depression. Adenosine was measured on the surface of the region and 
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within the region, and greater amounts of adenosine were detected on the surface, 

unlike previous studies in this region without hypoxia7. The different concentrations 

of adenosine point to different structures within this region releasing adenosine. 

Overall, this study demonstrated adenosine release in a region other than the 

hippocampus during hypoxia and that adenosine release was not the cause of 

decreased respiration during hypoxia. Therefore, adenosine was found not to be 

important during hypoxic ventilatory depression that leads to apnoea.   

 1.2.2.4 Adenosine is released during ischemia.

 Amperometric enzyme biosensors have also been used to study adenosine 

release during ischemia or oxygen/glucose deprivation10,38,102. Ischemia is 

inadequate blood flow to a tissue that causes a decrease in oxygen. Ischemic attack 

always results in hypoxia; however, hypoxia is not always caused by ischemia if for 

example the oxygen content of the arterial blood decreases as with anemia. 

Ischemia is often simulated experimentally by reducing oxygen and glucose.  Similar 

to hypoxia, ischemic conditions caused adenosine to rise at the same time 

excitatory synaptic transmission decreased38. The decrease in synaptic transmission 

was not as dramatic in the presence of an A1 receptor antagonist and the rate of 

recovery was also enhanced from 60 minutes to 15 minutes38. This studied provided 

evidence that adenosine is neuroprotective during ischemia.  

Adenosine release precedes ATP release during ischemia in the 

hippocampus98. Amperometric enzyme biosensors were used to compare ATP and 

adenosine release during ischemia in the hippocampus. ATP release did not occur 

until after adenosine release and ATP release required extracellular Ca2+ while 

adenosine release was enhanced by removal of extracellular Ca2+. Ionotropic 
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glutamate receptor inhibition increased ATP release but only slightly enhanced 

adenosine release. Because adenosine was released before ATP and was larger, 

adenosine is not a result of ATP metabolism. Long periods of ischemia resulted in 

an anoxic depolarization and ATP was only released at this point.  

Boison et al. used amperometric adenosine sensors in vivo to show increase 

adenosine in transgenic mice model with reduced adenosine kinase in the forebrain 

(fb-adk-def)103. Transgenic mice were better protected during ischemic-induced 

stroke, likely due to elevated adenosine levels. All together, these studies describe 

the important role adenosine has during ischemia and may provide information for 

therapeutics in the future.  

 1.2.2.5 Adenosine modulates chemoreceptor responses.

 In 2002, the first in vivo measurements were made using amperometric 

adenosine sensors7 on the dorsal surface of the brainstem and the nucleus tractus 

solitarii (NTS) of the medulla oblongata.  Adenosine release was measured in 

response to a defense reaction, induced by stimulating the hypothalamus defense 

area (HDA). The defense reaction involves an increase in respiration, heart rate, 

and blood pressure. The NTS is responsible for regulating many cardiovascular and 

respiratory responses. In the NTS, adenosine modulated baroreceptor and 

chemoreceptor reflexes involved in responding to pressure and chemical stimuli, 

respectively. Thus, adenosine release in the brainstem correlates with 

cardiovascular defense responses.  
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 1.2.2.6 Adenosine is linked to modulating seizures induced by CO 2. 

Respiration rate and blood flow are regulated by carbon dioxide (CO2) levels 

and vice versa. Hypercapnia, an increase in CO2, causes a decrease in neuron 

excitability, whereas hypocapnia, a decrease in CO2, increases neuron excitability in 

the hippocampus104. Decreasing CO2 is a common method for inducing seizure 

likely because this causes CNS vasoconstriction and reduced blood brain flow, while 

increasing CO2 is often used in sedation as an anesthetic. The level of CO2 controls 

tissue pH, and pH has also been linked to neuronal excitability. Dulla et al . showed 

that increasing CO2, decreased pH and increased adenosine in the hippocampal 

slices104. The increase in adenosine correlated with the inhibition of synaptic 

transmission. These effects were modulated by A1 receptors, ATP receptors, and 

ecto-ATPase. Decreases in adenosine levels during hypocapnia suggest a link 

between adenosine and hyperventilation-induced epileptic seizures. During 

hypercapnia, ATPase blockers did not change adenosine release, and a cocktail of 

A1 and ATP receptor antagonists were needed to completely inhibit release. The 

combination of these findings leads to the conclusion that adenosine and ATP work 

in concert with one another as neuromodulators during hypercapnia104. 

 1.2.2.7 Increase in extracellular adenosine levels provides 

anticonvulsant behavior during epilepsy.

 Basal synaptic adenosine levels are regulated by astrocytic adenosine kinase 

which regulates seizure activity105. One of the main pathways for regulating 

adenosine is phosphorylation of adenosine to AMP by adenosine kinase (ADK). 

Etherington et al. showed that inhibition of ADK increased extracellular adenosine 

which inhibited excitatory neurotransmission in the hippocampus and seizure activity 
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evoked by either Mg2+ free aCSF or high frequency stimulation was greatly 

attenuated105. ADK is primarily located in glial fibrillary acidic protein (GFAP)-

positive astrocytes, so astrocytes are thought to be important during seizure activity. 

Because ADK regulates adenosine during evoked seizures and adenosine induces 

anticonvulsant activity, ADK regulation may be novel therapy for epilepsy.  

 1.2.2.8 Adenosine is involved in the sleep-wake cycle 

Sleep can be broadly divided into two categories: slow wave sleep and rapid 

eye movement sleep. Sleep is divided into those two main categories based on four 

criteria: posture, changes in electroencephalogram (EEG), increase in response 

threshold to external stimuli, and rapid reversibility106. These four criteria are often 

used to determine sleep/wake activity in mammals. Behaviors during sleep are 

controlled by either homeostatic mechanisms or circadian rhythms. Adenosine is 

involved primarily during slow wave sleep106,107. Schmitt et al. discovered that 

wakefulness regulates extracellular adenosine levels through an astrocytic-SNARE-

dependent mechanism in hippocampal slices108. To understand this, the authors 

compared extracellular adenosine concentrations using amperometric biosensors in 

wild-type mice and transgenic mice, which have a double negative transgene 

specific to disrupt SNARE complex formation in glia (dnSNARE). Both sets of mice 

were sleep deprived and their adenosine levels compared. Extracellular adenosine 

was significantly larger in sleep deprived wild-type mice than in dnSNARE mice. 

This study showed that sleep deprivation increased adenosine and that this release 

was dependent on neurotransmission from astrocytes in the hippocampus108. 

Dale’s group recently characterized the mechanism of adenosine release during 

the sleep-wake cycle in the basal forebrain59. The basal forebrain is involved in the 
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ascending arousal system109. Previous studies have linked nitric oxide (NO) 

signaling to increased adenosine release during sleep110. The relationship between 

sleep and adenosine was studied in three rodent models: rats, mice, and hamsters 59 

and results were generally similar in all the rodents. Adenosine levels were 

measured at seven different stages of the diurnal cycle, spanning the light and dark 

stages, by sacrifice and brain slice preparation at those time points. Extracellular 

adenosine release increased after ionotropic and group I metabotropic glutamate 

receptor agonists but did not change from orexin, histamine, and neurotensin 

administration, suggesting not all depolarizing stimuli contribute to adenosine 

release. Adenosine release varied during the diurnal cycle. Adenosine release was 

greatest at the end of the dark cycle and less during the light cycle.  

Dale’s group also showed that the rise in adenosine in the basal forebrain due 

to sleep deprivation was dependent on NO produced from inducible nitric oxide 

synthase (iNOs)59. Blocking iNOs, scavenging NO, or using a non-specific inhibitor 

of NO caused decreased adenosine during sleep deprivation. Figure 1.10 shows 

comparisons of adenosine release for controls (non-sleep deprived), sleep deprived, 

sleep deprived with iNOs inhibition (by 1400 W), and non-sleep deprived with iNOs 

inhibition. The diurnal dependent variation of adenosine may be independent of 

iNOs because adenosine did not change during control conditions (no sleep 

deprivation, Figure 1.10a,b) after iNOs inhibition. Basal tone of adenosine followed a 

similar pattern to adenosine release (Figure 1.10d). However, the cortex did not 

follow the same pattern as the basal forebrain (Figure 1.10e,f). Overall, adenosine 

release is dependent on NOs during sleep deprivation and changes based on the 

diurnal sleep cycle 
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Figure 1.10: Increased adenosine after sleep deprivation is modulated by iNOs 
production. Adenosine release was measured after 6 hours for control animals (not 
sleep deprived), sleep deprived, and sleep deprived with 1400W which inhibits iNOs 
production. A) Shows raw data for all three conditions described above in the basal 
forebrain. The data is normalized to the 10 µM adenosine calibration. B) Adenosine 
release was significantly greater in sleep deprived animals. Animals which were not 
sleep deprived or where iNOs production was inhibited showed less adenosine release. 
C) Cumulative probability distribution of control individual adenosine responses, sleep 
deprived, and sleep deprived with iNOs inhibition. D) Basal tone was compared in all 
four conditions, and the patterned followed that of adenosine release. E) In the cortex, 
there were no significant differences between adenosine release or F.) basal adenosine 
tone. Reproduced from Sims et al59. 
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1.3 Contributions of electrochemical detection of adenosine to the field and 

remaining uncertainties 

 The advent of rapid real-time monitoring of adenosine in vivo has led to new 

knowledge of the time course of adenosine signaling in the brain. Previous 

adenosine research relied upon slow temporal techniques such as microdialysis and 

HPLC111,112. These techniques established a fundamental understanding of the 

importance of adenosine in the brain, but mechanistic information was more difficult 

to obtain, especially about rapid signaling. Information on the timescale of 

adenosine signaling was still unknown; however the long term effects of adenosine 

were revealed112. Over the last several years, fast-scan cyclic voltammetry with 

carbon-fiber microelectrodes5 and amperometric adenosine biosensors88 have 

gained increased popularity. These studies have revealed that there is rapid 

signaling of adenosine, a time scale that was previously unknown6,7,9,53,91.  More 

research is needed to fully understand the complicated pathways of adenosine 

signaling and the function of these transient changes. In this thesis, I develop new 

techniques to enhance adenosine detection and show how FSCV with carbon-fiber 

microelectrodes can be used to characterize a new method of adenosine stimulation 

and to study adenosine modulation of dopamine in the brain. 

I first started by developing and optimizing new methods for adenosine 

detection. Although FSCV at carbon-fiber microelectrodes can accurately and 

confidently detect adenosine, I sought to enhance adenosine detection by two 

methods: electrode modification and waveform modification techniques. In Chapters 

1 and 2, I developed a novel electrode which consisted of a carbon-fiber coated with 

Nafion and carbon nanotubes (CNTs) for enhanced dopamine (Chapter 1) and 

adenosine (Chapter 2) detection. In Chapter 1, I characterize the Nafion-CNT 
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modified electrode for dopamine detection and compare Nafion to another polymer 

often used in the literature for dopamine (overoxidized polypyrrole).70 In Chapter 2, I 

apply the Nafion-CNT electrode to adenosine detection using the adenosine 

waveform.52 This was the first time a modified electrode had been optimized for 

adenosine detection. Nafion-CNT electrodes increased adenosine detection 4-fold, 

and were also more selective for adenosine over ATP both in vitro and in brain 

slices. Chapter 3 explains a new waveform for enhanced adenosine detection. In 

this chapter, I implement a sawhorse-shaped waveform instead of the traditional 

triangle shaped waveform for adenosine detection. This waveform allows a lower 

switching potential for adenosine oxidation and better discrimination between 

adenosine and hydrogen peroxide. Overall, these first chapters explain new 

techniques for enhanced adenosine detection and how they may be used in the 

future. 

The last chapters of this thesis involve developing new strategies to elicit and 

study adenosine in the brain using FSCV at carbon-fiber microelectrodes. In 

Chapter 4, I show a new method of evoking adenosine release in the brain by 

mechanical stimulation via lowering the working electrode. Mechanically stimulated 

adenosine was also evoked by lowering a glass pipette near the electrode. 

Mechanically stimulated adenosine was fully characterized and found to be activity 

dependent and caused from rapid extracellular ATP metabolism. This chapter 

explains for the first time rapid adenosine changes in the brain in response to a 

mechanical stimulus. Since adenosine is neuroprotective in nature, this may provide 

information on adenosine neuroprotection on a rapid time scale.  

Adenosine is traditionally classified as a neuromodulator in the brain; however, 

most studies have used slow temporal resolution techniques to study adenosine 
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modulation. In Chapter 5, I use FSCV at carbon-fiber microelectrodes to study 

adenosine modulation of dopamine on a rapid time scale. Exogenous application of 

adenosine seconds before electrical stimulation of dopamine caused a decrease in 

dopamine release temporarily. In this chapter, I characterize adenosine modulation 

of dopamine and find that inhibitory A1 receptors are responsible for the decrease in 

dopamine release. Endogenous adenosine caused by mechanical stimulation also 

caused dopamine release to decrease temporarily. Overall, this is the first time 

adenosine modulation of dopamine has been studied on a rapid time scale.  

In conclusion, this thesis will explain new methods for enhanced adenosine 

detection and show how FSCV can be used to monitor adenosine function on a 

rapid time scale.  
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~Marie Curie 
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Chapter 2: Comparison of Nafion- and overoxidized polypyrrole-carbon nanotube 
electrodes for neurotransmitter detection 

 
Abstract: 
 In this chapter, Nafion-CNT modified electrodes were compared to oPPY-CNT 

modified electrodes for dopamine detection. Permselective polymer coatings improve 

selectivity and sensitivity of microelectrodes for cationic neurotransmitters.  Immobilizing 

carbon nanotubes (CNTs) into these polymers should further improve sensitivity by 

increasing the electroactive surface area.  The goal of this study was to compare the 

electrochemical properties of overoxidized polypyrrole (oPPY)-CNT and Nafion-CNT 

coated microelectrodes.  Fast-scan cyclic voltammetry was used to test their response to 

neurochemicals.  For dopamine, the average increase in oxidation current compared to 

bare electrodes was 3.7 ± 0.5 for oPPY-CNT electrodes (limit of detection (LOD)= 3.3 ± 

0.6 nM) and 3.3 ± 0.8 for Nafion-CNT electrodes (LOD= 4 ± 1 nM).  The selectivity for 

dopamine over ascorbic acid was better with oPPY-CNT electrodes.  oPPY-CNT 

electrodes also displayed increased electron transfer kinetics for anions while Nafion-

CNT electrodes did not, which proves that polymer deposition can affect the 

electrocatalytic properties of the CNTs.  Both oPPY-CNT and Nafion-CNT electrodes 

were used to detect stimulated dopamine release in the caudate-putamen of 

anesthetized rats after 2, 4 and 12 pulse stimulation trains.  oPPY-CNT electrodes could 

also detect small amounts of dopamine after 4 and 12 pulse stimulations in the 

basolateral amygdala (BLA).  Although Nafion-CNT electrodes were easier to fabricate, 

oPPY-CNT electrodes were more advantageous for dopamine detection because they 

were reproducibly fabricated, measured higher currents in vivo, and maintained 

selectivity over anions.  The addition of CNTs to polymer coatings facilitates 

measurements of small concentrations of neurotransmitters in vivo.   This paper was 

published in Analytical Methods (Anal. Methods, 2011,3, 2379-2386)  
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2.1 Introduction 

 
 Polymer coatings are a popular strategy for modifying electrode surfaces in order 

to enhance electrode sensitivity.  In neuroscience applications, modification of 

electrodes with permselective polymers increases the sensitivity and selectively for 

cationic neurotransmitters, such as dopamine,1,2 while excluding anionic interferents 

such as ascorbic acid3 and 5-hydroxyindoleacetic acid.4  Nafion coatings have been 

extensively used for dopamine detection because dopamine is attracted to the 

negatively charged sulfonate groups on the polymer and preconcentrates at the 

electrode surface.5   Nafion modification has the disadvantage of slowing the electrode 

response due to inhibited diffusion of analytes through the film.6  Overoxidized 

polypyrrole (oPPY) has been proposed as an alternative to Nafion because it can easily 

coat cylindrical electrodes and has a similar, enhanced sensitivity towards cationic 

analytes.1  Overoxidation of polypyrrole causes a loss of conductivity and also introduces 

carbonyl groups that can attract cations and hinder the diffusion of anions through the 

film.7  Since oPPY films do not have as strong electrostatic reactions with cations as the 

Nafion films, oPPY was initially proposed to have less of an effect on temporal 

resolution.1 However, detection of analytes with fast-scan cyclic voltammetry at oPPY-

coated microelectrodes is slower than at bare electrodes.2  For both polymers, increases 

in sensitivity are usually modest when thin coatings of polymer are deposited in order to 

maintain fast temporal resolution.   

 Another strategy for increasing the sensitivity of electrodes is to coat the surfaces 

with carbon nanotubes (CNTs).8,9  Carbon nanotubes have many beneficial properties 

for electrochemistry including high surface area to volume ratios, fast electron transfer 

kinetics, and the ability to be functionalized.10  Thus, CNT-modified electrodes often 
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exhibit increased electron transfer rates11 and increased sensitivity.12  Carbon nanotubes 

can be directly grown on electrode surfaces13 or deposited in a variety of ways, including 

evaporative drying14 or suspension in polymers.15,16   

 CNTs have been deposited on electrodes using polypyrrole15,17,18 or Nafion 

films.16,19  Nafion can be used to solubilize nanotubes by wrapping single nanotubes.19 

CNTs have been deposited on electrode surfaces by applying a drop of Nafion-CNT 

solution to a larger electrode and allowing it to evaporatively dry16,20 or dip coating 

microelectrodes in the solution.21,22  A study by our lab has shown that short (1 s) dipping 

of electrodes into CNTs suspended in Nafion did not form a Nafion coating but did 

deposit small amounts of CNTs on the surface.21  Other studies have shown longer 

coating times in Nafion-CNTs results in electrodes that retain the properties of both CNT 

electrodes, exhibiting electrocatalytic properties for analytes such as hydrogen 

peroxide,16,19 and Nafion coated electrodes, showing some selectivity for cations over 

anions.23,24  Electropolymerized polypyrrole films have been used for CNT immobilization 

as well, although the polymer does not solubilize the nanotubes.  Carboxylic acid-

functionalized nanotubes are postulated to act as the anion that initiates polymerization 

of polypyrrole and can influence the properties of the polymer.15  CNTs have been 

incorporated into overoxidized polypyrrole films on glassy carbon electrodes 25,26 and 

carbon-fiber microelecrodes.27  While these electrodes have been used with traditional 

electrochemistry techniques, the suitability of polymer-CNT electrodes for use with rapid 

electrochemical methods has not been tested.   

 In this study, we characterized oPPY and Nafion immobilization of CNTs onto 

microelectrodes surfaces for the detection of neurotransmitters.  The objective was to 

directly compare the two different polymer-CNT electrodes to determine how the 

polymer contributes to the properties of CNT electrodes.  Using fast-scan cyclic 
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voltammetry (FSCV), we found that both oPPY-CNT and Nafion-CNT electrodes had 

greater sensitivity for dopamine than either bare electrodes or electrodes only coated 

with polymers.  oPPY-CNT electrodes had catalytic effects for detection of the anions 

ascorbic acid and dihydroxyphenylacetic acid (DOPAC) while Nafion-CNT electrodes did 

not.  This work demonstrates that the electron transfer properties of polymer-CNT 

electrodes are affected by the polymer.   Polymer-CNT electrodes are useful for 

measuring small concentrations of neurotransmitters in vivo.       

2.2: Methods 

2.2.1 Chemicals: 

 Dopamine hydrochloride (DA), ascorbic acid (AA), serotonin hydrochloride (5-HT), 

norepinephrine (NE), epinephrine (EPI), and 3,4-Dihydroxyphenylacetic acid (DOPAC) 

were purchased from Sigma-Aldrich (St. Louis, MO).  Stock solutions were made in 0.1M 

HClO4 and were 10 mM for all compounds except DOPAC and ascorbic acid (100 mM).  

Daily, solutions of DA (1 µM), AA (100 µM), 5-HT (1 µM ), NE (1 µM), and DOPAC (20 

µM) were made by diluting the stock solutions in Tris buffer.  All other chemicals were 

purchased from Fisher Scientific unless noted (Suwanee, GA).  The Tris buffer solution 

was 15 mM Tris(hydroxymethyl)aminomethane, 3.25 mM KCl, 140 mM NaCl, 1.2 mM 

CaCl2, 1.25 mM NaH2PO4, 1.2 mM MgCl2 and 2.0 mM Na2SO4 with the pH adjusted to 

7.4. Aqueous solutions were made in deionized water (Milli-Q Biocel, Millipore, Billerica, 

MA).     

2.2.2: Carbon-fiber microelectrodes.  

 Carbon-fiber microelectrodes (CFMEs) were fabricated from T-650 carbon fibers (a gift 

from Cytec Engineering Materials, West Patterson, NJ). Fibers were vacuum-aspirated 

into a glass capillary (1.2 mm diameter, A&M Systems, Carlsborg, WA) and pulled on an 
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electrode puller (Narishige, PE-21, Tokyo, Japan). The fiber was cut approximately 50 

µm from the glass seal to form a cylindrical electrode. The epoxy, made of Epon Resin 

828 (Miller-Stephenson, Danbury, CT) with 14% (w/w) 1,3-phenylenediamine hardener 

(Sigma-Aldrich, St. Louis, MO), was heated to 80oC and electrodes were dipped for 30 s 

in the epoxy and then immediately in acetone for 3 s in order to remove epoxy from the 

electroactive area of the exposed fiber. The epoxied electrodes were allowed to cure at 

room temperature overnight, and then cured at 100oC for 2 hours and at 150oC 

overnight.  Before use, all electrodes were soaked for at least 10 min in isopropanol. 

2.2.3 Functionalization of CNTs:  

The functionalization of the HiPco single-walled CNTs (high pressure carbon monoxide 

process, Carbon Nanotechnologies, Inc. Houston, TX) was adapted from the procedures 

published by Wei et al.28 Approximately 20-30 mg of CNTs were suspended in 100 mL of 

piranha solution (3:1 sulfuric acid: 30% hydrogen peroxide) and placed in a water 

sonication bath for 24 hours at 0oC.  After 19 hours of initial reaction, 5 mL of 30% 

hydrogen peroxide was added to the mixture.  After 24 hours, the CNTs were polished 

by sonicating in piranha solution at 70oC for 15 minutes.  The CNT solution was diluted 

with 1 L of deionized water and filtered using a vacuum filtration with filter paper (pore 

size of 0.22 µm, Millipore).  The functionalized CNTs were washed with copious amounts 

of water and air dried overnight. 

2.2.5 Preparation of OPPY and OPPY-CNT modified electrodes:  

The electropolymerization and overoxidation of polypyrrole onto the CFME were adapted 

from the procedures by Pihel et al.2 Pyrrole (Sigma-Aldrich, St. Louis, MO) was purified 

on an alumina column and then diluted with phosphate-buffered saline (PBS, 0.5 M 

phosphate, 200 mM KCl, pH 7.0) to 50 mM pyrrole.  The electrode was dipped into the 



R o s s | 51 

 

50 mM pyrrole solution while a waveform generator (BK Precision 4011A, Yorba Linda, 

CA) was used to apply one cycle of a triangular waveform of 0.0 V to 1.0 V and back (vs 

Ag/AgCl) at a scan rate of 1 V/s.  Overoxidation of the polypyrrole was performed by 

dipping the electrode in 0.5 M sodium hydroxide and applying the same triangular 

waveform to the electrode for 10 cycles at a repetition rate of 0.5 Hz.  The 

electropolymerization/deposition and overoxidation steps were then repeated for a total 

of 4 coating cycles.  The modified electrodes were stored in PBS overnight.  

  To modify the electrode surface with OPPY and CNTs, the functionalized CNTs 

were suspended in PBS by sonicating with a wand tissue sonicator (BioLogics, 

Manassas, VA) for 60 minutes.  Then, pyrrole was added to the suspended CNT solution 

to make a 50 mM concentration and the solution sonicated for another 60 minutes.  The 

electropolymerization and overoxidation of procedures were the same as for OPPY 

modification.  While a previous study had used 6 repeated coatings for oPPy,2 we found 

that increasing the number of cycles when CNTs were present from 4 to 6 also 

increased the noise substantially, likely because too thick a coating of nanotubes formed 

on the surface.   Preliminary studies with overoxidized polypyrrole coating showed that 

adding surfactants to solubilize nanotubes led to unstable oPPY-CNT coatings so 

suspension in water was preferred.   

2.2.6 Preparation of Nafion and Nafion-CNT modified electrodes:    

The procedure for Nafion coating CFMEs was adapted from Wiedemann et al.3 and 

Hashemi et al.4  The electrode was dipped in a 5 wt % Nafion solution in methanol 

(Liquion-1105-MeOH, Ion Power, New Castle, DE) for 5 minutes. The dipping time was 

chosen because nanotubes could be suspended in Nafion for 5 minutes. The modified 

electrodes were dried in air for 10 s followed by 10 minutes in an oven set to 70°C. 

Electrodes were stored in air overnight prior to use. For Nafion-CNT modification, the 
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functionalized CNTs were suspended in the 5 wt % Nafion solution with a tissue 

sonication probe for 60 minutes. The coating procedure for the Nafion-CNT was the 

same as for the Nafion modified electrodes.   

 Dip-coating Nafion on cylindrical electrodes is problematic and might not result in 

a full Nafion layer on the entire cylindrical surface.2  Another procedure has been 

developed for Nafion coating cylinders that requires a voltage to be applied,4 but we 

found that applying a 1 V potential to the electrode in a Nafion-CNT solution caused the 

CNTs to fall out of suspension. Thus, electrodes dipped in Nafion-CNTs in the absence 

of voltage performed better and dip coating in Nafion without a voltage was chosen as a 

control.    

2.2.7 Electrochemistry measurements: 

Fast-scan cyclic voltammograms were collected using a ChemClamp (Dagan, 

Mineapolis, MN, custom modified with lower gain settings) or GeneClamp (Molecular 

Devices, Sunnyvale, CA with a custom-modified headstage).  Data were collected with a 

homebuilt data analysis system and TarHeel CV software was used to apply the 

waveform, collect and analyze data.   

For all neurochemical measurements, the electrode was scanned from -0.4 V to 

1.3 V and back with a scan rate of 400 V/s and a repetition rate of 10 Hz.  The reference 

electrode was a Ag/AgCl electrode.  Electrodes were tested using flow-injection analysis 

to determine their response to a fast (5 s) concentration change.  Cyclic voltammograms 

were background subtracted by averaging background traces collected 2 s before the 

compound was injected.  Measurements were performed before and after modification 

so each electrode served as its own control.   
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2.2.8 In vivo experiments:  

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

Committee.  Male, Sprague Dawley rats (250-300 g) were anesthetized with urethane 

(1.5 g/kg) for the duration of the experiment.  The head and neck of each animal was 

shaved and the injection site locally infiltrated with bupivicaine (0.25 %, 0.2-0.3 mL s.c., 

Hospira, Lake Forest, IL) for analgesia.  The skin was removed and holes drilled for the 

working electrode placement in the caudate putamen (AP + 1.2, ML +2.0, DV -4.5) or 

basolateral amygdala (AP -2.0, ML +5.4, DV -7.5).  The stimulating electrode hole was 

drilled for placement in the substantia nigra (AP -5.4, ML, +1.0, DV -8.0).  An Ag/AgCl 

reference electrode was implanted on the contralateral side.  Stimulations were applied 

using a Dagan Biphasic Stimulator Isolator and were biphasic (2 ms, 300 µA each 

phase).  The number of pulses applied was either 2, 4, or 12.  Stimulations were 

repeated at 2 minute intervals to allow the brain to recover between stimulations.       

2.2.9 Scanning electron microscopy: 

  Samples were sputter-coated with carbon (Gatan PECS, 682) before images acquired. 

Images were acquired using a JEOL JSM-6700F cold field-emission microscope (Tokyo, 

Japan) with an acceleration voltage of 10 kV at a WD of 5.9mm or 4.8mm in secondary 

electron imaging mode. 

2.2.10 Statistics: 

 All averages are given as mean ± standard error of the mean (SEM) for n electrodes; 

and all error bars are given as SEM. GraphPad Prism was used for all statistics 

(GraphPad Software, San Diego, CA).  To compare differences after coatings, peak 

currents were compared for bare and treated electrodes using paired t-tests.  A one-way 

ANOVA with Bonferonni post-tests was used to compare effects among multiple groups.    
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2.3 Results and Discussion 

2.3.1 Introduction: 

 The goal of this study was to compare two different polymers for coating carbon-

fiber microelectrodes with single-walled carbon nanotubes (SWCNTs).  Carboxylic acid 

functionalized CNTs were used because they have previously been shown to increase 

the sensitivity of CNT modified microelectrodes.22  The oxidation procedure was 

modified from Wei et al.28 and was designed to produce short, highly functionalized 

nanotubes that could be suspended in water.  Polymer coating procedures were adapted 

from the literature and optimized for each polymer.   

2.3.2 Comparison of Polymer and Polymer-CNT electrodes: 

 Figure 2.1 shows example data of electrodes coated with oPPY, oPPY-CNTs, 

Nafion, and Nafion-CNTs.  As expected, oPPY by itself increases the current for 1 µM 

dopamine, an increase of about 1.6 fold (Fig. 2.1A).  Our procedure used only 4 coating 

cycles of polypyrrole deposition and overoxidation, but the increase in signal is similar to 

that previously found with cylindrical electrodes coated with 6 cycles.2  When the 

electrode is coated with 0.2 mg/mL of CNTs suspended in pyrrole, the signal of the 

electrode increases 3.9-fold (Fig. 2.1B).  Nafion causes a small increase in the signal for 

dopamine, about 1.5-fold (Fig. 2.1C).  The magnitude of the increase is small, but similar 

to previous studies where thin Nafion films were deposited on cylinders.4  In Fig. 2.1D, 

when CNTs were added to the Nafion, the increase in current for dopamine is about 3.1-

fold.  Therefore, the addition of CNTs to either polymer enhanced the current over either 

polymer by itself.   

 The current vs time plot for a flow injection analysis experiment is shown below 

each CV in Fig. 2.1 to allow the time response of the electrodes to be visualized.  To 
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compare the shape of the response before and after coating, current vs time plots were 

normalized to the same height and shown as insets in Fig. 2.1.   Both the oPPY and 

Nafion polymers cause a slower initial rise time of the electrode.  There has been 

disagreement in the literature about whether oPPY slows the electrode response as 

much as Nafion as some studies claimed the time response is not as slow,1 while others 

found similar time responses for each polymer.2  Response time was quantitated by 

calculating the rise time from 10% to 90% of peak.  Nafion and oPPY only electrodes 

had an average rise time of 1.4 ± 0.1 s and 1.2 ± 0.1 s respectively, which were not 

significantly different by an unpaired t test (p=0.22). Our results indicate that the initial 

time response for oPPY and Nafion coated electrodes are about the same, but the 

Nafion-coated electrodes do not return to baseline as quickly.  When CNTs were added 

to the polymers, the rise times were 1.4 ± 0.1 s and 1.2 ± 0.1 s for Nafion-CNT and 

oPPY-CNT electrodes respectively. These rise times were not significantly different than 

Nafion or oPPY only (p=0.71, p=0.79 respectively, t-test), so the CNTs did not slow the 

response time.  Thus, polymer-CNT electrodes have higher currents but similar time 

responses to polymer coated electrodes.     
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Figure 2.1: Example polymer and polymer-CNT coated electrode data for 1 µM 
dopamine.  The top row shows cyclic voltammograms of an electrode before (solid line) 
and after (dashed line) modification.  The bottom row shows current vs time responses 
for a flow injection analysis experiment.  The insets are normalized to the same height to 
allow better evaluation of the time response.  A. oPPY only increases the oxidation 
current by about 1.6-fold.  The time response of the oPPY coated electrode is slower 
than the bare electrode.  B. oPPY-CNT increased the current 3.9-fold.  The response 
time of the oPPY-CNT electrode is also slower than bare.  C. Nafion increases the 
current about 1.5-fold and slows the electrode time response, causing the signal to not 
completely return to baseline. D. Nafion-CNT coating increases the signal about 3 fold 
and also slows the time response.   

 

2.3.3 Optimizing CNT concentrations: 

 The concentration of CNTs deposited on the electrode surface was optimized by 

varying the amount of CNTs in suspension.  Each electrode was tested before and after 

coating for these experiments and Figure 2.2 plots the average ratio of the oxidative 

current after modification to before.  A ratio of 1 indicates no change after treatment.  

oPPY significantly increased the oxidation current for 1 µM dopamine compared to bare 

electrodes (p<0.01, paired t-test)(Fig. 2.2A).  The addition of 0.05 mg/mL CNTs in oPPY 

appeared to decrease the signal, although it was not significantly different than control 

(p>0.05, one-way ANOVA with Bonferonni post-test).  The small amount of nanotubes 

may have interfered with the polymer formation without providing substantial benefits of 

the CNTs.  With 0.2 mg/mL of CNTs in oPPY, the dopamine signal was significantly 
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greater than bare electrodes (p<0.001, paired t-test) and oPPY alone (p<0.05, one-way 

ANOVA with Bonferroni post-test).  The electrodes coated using 0.5 mg/mL CNTs in 

oPPY had larger signals than bare electrodes (p< 0.05, paired t-test) but the data were 

noisy and the sensitivity varied extensively between electrodes, which led to the large 

error bars.  Therefore, 0.2 mg/mL was chosen as the optimized concentration for oPPY. 

 

 

 

 

 

Figure 2.2: Optimization of the amount of nanotubes in the coating solution.   The y-
axis is a ratio of the oxidation current for 1 µM dopamine after modification divided by the 
current before.  A. oPPY-CNT coatings.  Compared to oPPY only (n=7), the average 
improvement for 0.05 mg/mL CNTs (n=5) and 0.5 mg/mL CNTs (n=11) is not 
significantly different, but 0.2 mg/mL CNTs (n=9) shows significantly greater increases in 
current (*, p<0.05, Bonferonni post-test after 1-way ANOVA).  B.  Nafion-CNT coatings.  
While 0.05 mg/mL CNTs (n=7) and 0.2 mg/mL in Nafion (n=20) show greater 
improvements than Nafion only (n=6), the variances are large and the differences are 
not significant (1-way ANOVA, Bonferonni post-test).  The 0.5 mg/mL CNTs in Nafion 
(n=4) did not increase the signal and the electrodes were noisy because the nanotubes 
did not fully suspend.  

 

 In Fig. 2.2B, Nafion slightly increased the signal for 1 µM dopamine but the 

increase was not significant, likely due to cylindrical electrodes that were not fully 

covered in Nafion.  With 0.05 or 0.2 mg/mL of CNTs in the Nafion, increases in the 

signal were observed and oxidative currents were significantly greater than bare 

electrodes (p<0.01, paired t-tests).  However, due to the large variance among 

electrodes, when a one-way ANOVA was performed on the data in Fig. 2.2B, the Nafion-
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CNT data were not greater than the Nafion alone using post-hoc comparisons (p>0.05).  

The signal did not increase for 0.5 mg/mL CNTs in Nafion.  The nanotubes did not 

suspend well at this concentration and fell out of suspension within the 5 minutes used 

for coating.  Therefore, the electrodes were not coated well and either their signal 

increase was not large or agglomerations formed on the surface and they were too noisy 

to use (S/N ratio less than 10).  The optimum concentration was therefore 0.2 mg/mL 

CNTs in Nafion. 

 The optimum concentration for CNTs in oPPY as well as Nafion was 0.2 mg/mL 

and the average increase in oxidative current for dopamine was similar for both 

polymers.  The similarity in improvement may be coincidental since the coating 

procedures used for each polymer were very different.  However, the similarity between 

the two polymers at optimum conditions also suggests that there may be a maximal 

beneficial effect of adding CNTs.  A monolayer of CNTs is expected to produce the best 

results and adding too many CNTs to the surface can cause large signal increases, but 

also large amounts of noise.8  Thus, the similar increases in signal may result from an 

optimized number of nanotubes on the surface.   

 An additional control was performed for each group by coating microelectrodes 

with carbon nanotube suspensions without polymers.   For oPPY, the control was a 

suspension of 0.2 mg/mL CNTs in PBS buffer and the electrochemical voltage steps and 

NaOH coating procedure was the same as when pyrrole was present.  Electrodes 

coated with this method did not exhibit increased signals for dopamine and their S/N 

ratios decreased by about a factor of 2, so these electrodes would not be useful for in 

vivo neurotransmitter experiments.  For Nafion, the CNT only control was a suspension 

of 0.2 mg/mL CNTs in methanol, the solvent for Nafion.  Electrodes were dip-coated for 

5 min.  The signal for dopamine also did not increase for CNT-methanol dipping. The 
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CNTs did not suspend well in methanol.  The electrodes were very noisy, as 

agglomerations of nanotubes were likely present on the surface.  Therefore, polymer-

CNT electrodes had better properties for neurotransmitter detection than electrodes 

modified with CNTs alone.  The addition of CNTs to the polymers allowed a more even, 

reproducible, and less variable coating procedure.    

2.3.4 Electrode characterization: 

 Scanning electron microscopy images of the surfaces were taken for each 

polymer with 0.2 mg/mL CNTs to examine the surface characteristics of the CNT-

polymer electrodes. (Fig.2.3). The images show that CNTs are visible throughout both 

polymer coatings.  A CNT is marked by an arrow in each panel of Fig.2.3 for easy 

identification.  Fig. 2.3A shows a polymer coating formed by oPPy with nanotubes on the 

surface along with thicker strands of polymer in the vertical direction.  Single-walled 

nanotubes are 1-2 nm in diameter but the diameter of the nanotubes in the image 

appears to be about 10-20 nm.  The wider appearance could be due to bundles of 

nanotubes or polymer coating of nanotubes.  In Fig. 2.3B, CNTs are also evident on the 

Nafion-CNT electrode, although the Nafion coating does not form the thick strands seen 

for oPPY.  The presence of a clear Nafion coating contrasts with a previous study where 

electrodes were dipped in Nafion-CNT suspensions for just one second and nanotubes 

were deposited but a Nafion layer did not form.21   
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Figure 2.3:  Scanning electron micrographs of electrode surfaces.  A. oPPY-CNT 
surface shows polymer coating with CNTs embedded.  B.  Nafion-CNT surface also 
shows polymer coating and nanotubes, although the Nafion does not appear to be as 
thick as the oPPY.  Electrodes are shown at 100,000X and the scale bar is 100 nm.   

 

 To characterize the linear range of detection, different concentrations of 

dopamine were tested with oPPy-CNT and Nafion-CNT electrodes (Fig. 2.4).  For both 

polymer-CNT electrodes, the response was linear up to 5 µM dopamine.  After 5 µM, the 

current does not increase as much because the adsorption sites on the surface are likely 

fully occupied by dopamine.  The linear range for oPPY-CNT is larger than previous 

studies of electrodes coated in oPPY alone,2 which were only linear to 1 µM.  The larger 

linear range is likely due to more electroactive sites on the electrode surface.     
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 To test the limit of detection, concentrations as low as 50 nM dopamine were 

tested.  The inset CV in Fig. 2.4 shows that the oxidation peak for 50 nM dopamine is 

clearly evident for both oPPY-CNT and Nafion-CNT electrodes, although the reduction 

peak is hard to discern for the oPPY-CNT electrode.  The limits of detection (S/N=3), 

calculated from the 50 nM data, were 3.3 ± 0.6 nM for oPPY-CNTs and 4 ± 1 nM for 

Nafion-CNTs.  Using differential pulse voltammetry (DPV), previous studies of oPPY-

CNTs modified microelectrodes had a 0.5 nM LOD.27  FSCV is expected to have a 

higher LOD than DPV because the fast scanning leads to increased noise.29  For Nafion-

CNT microelectrodes, our measured LOD of 4 nM is an improvement of the previously 

reported LOD of 70 nM with DPV.23       

 

 

 

 

 

 

Figure 2.4:  Measuring different 
concentrations of dopamine.  The 
current vs. concentration response is 
plotted for 0.05 µM to 100 µM 
dopamine.  The inset shows the 
concentration is linear up to 5 µM 
dopamine for both A. oPPY-CNTs and 
B. Nafion-CNTs.  In general, more 
current is detected for each 
concentration at oPPY-CNTs than 
Nafion-CNTs.  The insets show 
example CVs for 50 nM dopamine.   
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 The responses of the polymer-CNT electrodes were also tested for other 

analytes (Fig. 2.5 and Table 2.1).  Serotonin, norepinephrine, and epinephrine are 

positively charged like dopamine at physiological pH, so the response to each of these 

analytes was expected to be similar to dopamine.  oPPy-CNT and Nafion-CNT 

electrodes did increase the signal for these analytes, although the increase was not as 

great as for dopamine (Table 2.1).   For epinephrine, polymer-CNT coatings also 

increased the peak current at 1.3 V, which is due to a cyclization product of epinephrine 

after oxidation (Fig. 2.5).30  Cations all exhibited the same trends at the polymer-CNT 

electrodes, showing increase in current due to increases in surface area and 

electrostatic interactions with the polymer.   

 DOPAC and ascorbic acid are negatively charged analytes that can act as an 

interferent for dopamine detection.  Previous studies of oPPY coated cylindrical 

electrodes showed small increases in current for DOPAC and oPPY-CNT electrodes 

also had a small increase in current (Fig. 2.5).2  Nafion-CNT electrodes also had small 

increases in signal for DOPAC.  The increase in DOPAC signal was not as large as that 

for cationic species in the case of both Nafion-CNT and oPPY-CNT electrodes.  For 

ascorbic acid, Nafion-CNT electrodes had a slight increase in current while oPPY-CNT 

electrodes had a small decrease in signal.  Oxidation peak currents increased to a lesser 

extent for anions than for cations.  Therefore, there is improved discrimination of cations 

from anions at polymer-CNT electrodes compared to bare electrodes.  However, when 

comparing polymer-CNT electrodes to polymer only electrodes, the discrimination of 

cations from anions is not as good.  For example, Nafion alone leads to a significant 

decrease in ascorbic acid oxidation current whereas the Nafion-CNT coating causes 

increases in ascorbic acid current.  This decrease in selectivity is likely caused by CNTs 
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which are present throughout the Nafion, including on the polymer surface.  Thus, the 

negatively charged analytes might not need to diffuse through the Nafion to be detected.   

 

Figure 2.5:  Response of polymer-CNT electrodes to other neurochemicals.  The 
bare electrode (solid line) is compared to the modified electrode response (dashed) for 
A. oPPY-CNT or B. Nafion-CNT.  The current for 1 µM serotonin, 1 µM norepinephrine, 
and 1 µM epinephrine increases for both types of electrodes.  For 20 µM DOPAC, the 
signal for oPPY-CNTs and Nafion-CNT electrodes slightly increases.  At the oPPY-CNT 
electrode, both electron transfer kinetics and reversibility also increase for DOPAC.  For 
100 µM ascorbic acid, the signal is lower for the oPPY-CNT electrode while electron 
transfer kinetics are faster. Current for ascorbic acid increases at the Nafion-CNT 
electrode.   
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Table 2.1: Average improvement in oxidative current for different 
neurochemicals.   

Analytes oPPY-CNTs Nafion-CNTs 

Dopamine (1 µM) 3.6 ± 0.6 3.3 ± 0.8 

Norepinephrine (1 µM) 2.7 ± 0.3 2.1 ± 0.4 

Epinephrine (1 µM) 2.6 ± 0.3 2.2 ± 0.4 

Serotonin (1 µM) 2.0 ± 0.2 2.2 ± 0.2 

DOPAC (20 µM) 1.2 ± 0.1 1.4 ± 0.1 

Ascorbic acid (100 µM) 0.9 ± 0.2 1.9 ± 0.4 

Data are average ratio of oxidative signal for coated electrodes divided by bare 
electrodes.  Error is standard error of the mean (n=5). 

 

 The example CV traces in Figure 2.5 show a change in the shape of the CV for 

ascorbic acid and DOPAC after oPPY-CNT coating.  The oxidation peak for DOPAC 

shifted to less positive potentials and the reduction peak was more clearly defined after 

oPPy-CNT coating.  The oxidation peak for ascorbic acid also shifted to lower potentials 

at all oPPY-CNT electrodes and the peak also appeared more symmetrical.   For 

cationic analytes, large electrocatalytic effects from the CNTs were not observed, but the 

electron transfer kinetics for anions at oPPY-CNT electrodes were dramatically faster.  

The kinetics were dependent on the polymer, as the CNTs used to fabricate each 

electrode were the same but electrocatalytic effects were not observed at Nafion-CNT 

electrodes.   Nafion can wrap the nanotubes, which might be detrimental to rapid 

electron transfer and analytes closely approaching the nanotubes.19   These studies 

demonstrate that the polymer coating can affect the electron transfer kinetics of CNT-

coated electrodes. 

2.3.5 In vivo use of polymer-CNT microelectrodes: 

 To validate that oPPY-CNT and Nafion-CNT microelectrodes were useful for 

neurotransmitter measurements, stimulated dopamine release was detected in 

anesthetized rat brains.  Polymer-CNT coated microelectrodes were implanted in the 
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caudate-putamen and 12, 4, or 2 pulse stimulations were applied to a stimulating 

electrode implanted in the substantia nigra.  Figures 2.6A and B shows that both oPPY-

CNT and Nafion-CNT electrodes could be used to detect dopamine in the caudate-

putamen after short stimulations.  The inset cyclic voltammograms demonstrate that the 

CVs acquired for the 4 pulse stimulations are clearly dopamine.  Two and four pulse 

train stimulations are considered a very short stimulation in vivo and stimulations of 24 to 

60 pulses are more routinely used.31  The ability to detect short stimulations allows a 

better estimation of dopamine efflux after stimulations that mimic physiological phasic 

firing of dopamine neurons.32  For an average of 4 electrodes in each group, a 4 pulse 

stimulation produced slightly more current (0.8 ± 0.2 nA) at oPPY-CNT electrodes than 

at Nafion-CNT electrodes (0.5 ± 0.1 nA).  oPPY electrodes have previously been used to 

detect 2 pulse stimulations in the caudate-putamen, but with a different train frequency 

(10 Hz rather than 60 Hz).2   The S/N ratios for the oPPY-CNT electrodes in this study 

are better than the previous study.   

 Measurements of dopamine after short pulse trains were also attempted in the 

basolateral amygdala (BLA), a brain region that has less dopamine innervation.  

Dopamine release was detected using oPPY-CNT electrodes but not Nafion-CNT 

electrodes.  Fig. 2.6C shows an example animal where oPPY-CNT electrodes detected 

40 nM and 180 nM dopamine for 4 and 12 pulse trains, respectively.   Evoked release is 

smaller in the BLA than in the caudate-putamen and the signals last longer because 

clearance is slower.33  To our knowledge, these are the shortest pulse trains that have 

been used to elicit dopamine release in the BLA.  This work demonstrates oPPY-CNT 

electrodes are useful for measuring small concentrations in vivo.     
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Figure 2.6: In vivo detection of short trains of stimulated dopamine release.  
Eectrical stimulations of dopamine cell bodies elicited in the substantia nigra.  A. 
Response at oPPY-CNT electrodes in the caudate-putamen, B. Nafion-CNT electrodes 
in the caudate-putamen, and C. oPPY-CNT electrodes in the basolateral amygdala.  
Stimulation trains of 2 (solid line), 4 (dashed line), or 12 pulses (dotted line) were applied 
in the caudate-putamen and 4 or 12 pulses were applied in the BLA.  In the caudate, 
higher currents were detected at oPPY-CNT electrodes.  The inset CVs are for the 4-
pulse stimulations for all panels.  
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2.4 Conclusions 

 The magnitude of the signal increase after adding CNTs to each polymer was the 

same but the procedures for coating the electrodes were very different.   

Electropolymerization was used for oPPY while simple dip coating was used for Nafion.  

The CNTs were suspended in PBS for the polypyrrole coating and they continued to be 

stable after the addition of pyrrole.  However, the Nafion-CNT solutions were not always 

as stable.  The large variation in the Nafion data, especially for the 0.2 mg/mL and 0.5 

mg/mL (Fig. 2), could be due to differences in the Nafion solution, as some days CNTs 

appeared more stably suspended than others.  Using a Nafion solution with CNTs better 

suspended, possibly by lowering the CNT concentration, may give more reproducible 

coatings and the length of time of coating could be adjusted to deposit the same amount 

of CNTs.  The oPPY-CNT coating procedure produced less variation among electrodes, 

due to the more ordered deposition by electrochemistry or more stable CNT 

suspensions.  The Nafion-CNT procedure is easier as it simply requires dip coating a 

batch of electrodes, but the electropolymerization and overoxidation steps for polypyrrole 

can be performed on multiple electrodes simultaneously2, which decreases the amount 

of time required to make a batch of electrode.   

 While both oPPY-CNT and Nafion-CNT electrodes increased the sensitivity for 

dopamine, oPPY-CNT electrodes had advantages over Nafion-CNT electrodes.  The 

reproducibility was better for oPPY-CNTs as was the selectivity for dopamine over 

ascorbic acid.  oPPY-CNT electrodes also increased electron transfer kinetics for 

anions.  Because Nafion is known to wrap nanotubes, it might be electrostatically 

unfavorable for anions to approach the nanotubes in the Nafion-CNT coating.  The 

differences in kinetics for anions are interesting because while many studies have 

examined the electrocatalytic effects of nanotubes, few studies have addressed how 



R o s s | 68 

 

immobilization onto surfaces might affect these properties.  oPPY-CNT electrodes 

yielded higher currents in vivo and consequently lower concentrations of dopamine could 

be measured.  The experiments using oPPY-CNT electrodes in the basolateral 

amygdale show that higher sensitivity electrodes facilitate measurements of dopamine 

after small pulse trains, even in regions with low dopamine innervations.  Overall, oPPY-

CNT electrodes were a better choice than Nafion-CNT electrodes for repeated in vivo 

use because of the reproducible fabrication, selectivity over anions, and larger currents 

in vivo.    
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Chapter 3 

Nafion-CNT Coated Carbon-Fiber Microelectrodes for 

Enhanced Detection of Adenosine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

I have not failed, I’ve just found 10,000 ways that won’t work  

~Thomas Edison  
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Chapter 3: Nafion-CNT Coated Carbon-Fiber Microelectrodes for Enhanced 
Detection of Adenosine 

 
Abstract: 

In this chapter, I further develop the Nafion-CNT electrodes for adenosine 

detection. Adenosine is a neuromodulator that regulates neurotransmission.  Adenosine 

can be monitored using fast-scan cyclic voltammetry at carbon-fiber microelectrodes and 

ATP is a possible interferent in vivo because the electroactive moiety, adenine, is the 

same for both molecules.  In this study, we investigated carbon-fiber microelectrodes 

coated with Nafion and carbon nanotubes (CNTs) for enhanced sensitivity of adenosine 

and selectivity over ATP. Electrodes coated in 0.05 mg/mL CNTs in Nation had a 4.2 ± 

0.2 fold increase in current for adenosine, twice as large as for Nafion alone.  Nafion-

CNT electrodes were 6 times more sensitive to adenosine than ATP.  The Nafion-CNT 

coating did not slow the temporal response of the electrode. Comparing different purine 

bases shows that the presence of an amine group enhances sensitivity and that purines 

with carbonyl groups, such as guanine and hypoxanthine, do not have as great an 

enhancement after Nafion-CNT coating.  The ribose group provides additional sensitivity 

enhancement for adenosine over adenine.  The Nafion-CNT modified electrodes were 

significantly more selective for adenosine than ATP in brain slices. Therefore, Nafion-

CNT modified electrodes are useful for sensitive, selective detection of adenosine in 

biological samples. This paper was published in the Analyst (Analyst. 2012 

,137(13),3045-51). 

http://www.ncbi.nlm.nih.gov/pubmed/22606688
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3.1 Introduction 

 Adenosine is an important nucleoside signaling molecule formed by ATP 

degradation. It acts as a neuromodulator to regulate cerebral blood flow, modulate 

neuronal excitability, and control energy delivery to the brain.1-3 Adenosine also protects 

against neuronal damage caused by oxidative stress and has been studied for possible 

protective effects in hypoglycemia, hypoxia, and ischemia.3 Traditionally, adenosine has 

been thought to act on a slow time scale and changes lasting minutes to hours have 

been measured in vivo with microdialysis sampling coupled to HPLC.4,5 However, faster 

adenosine changes have recently been detected in vivo and in brain slices using both 

fast-scan cyclic voltammetry (FSCV) at carbon-fiber microelectrodes and amperometric 

enzyme sensors.6-8 FSCV can detect changes on the millisecond timescale which 

provides high temporal resolution for measuring transients in vivo.  Detection of transient 

adenosine release is challenging because evoked adenosine changes are low, around 

100-300 nM, and other purine species might interfere.7 In particular, ATP and adenosine 

have similar oxidation potentials and cyclic voltammograms (CVs) because the adenine 

moiety is the electroactive species in both molecules. Other purines such as guanine 

and hypoxanthine are similar in structure but have different electrochemistry.9 The 

development of an electrode with enhanced sensitivity and selectivity for adenosine will 

allow more reliable adenosine detection.  

Carbon-fiber microelectrodes modified with Nafion have been used extensively to 

increase sensitivity to neurotransmitters such as dopamine and serotonin, but have not 

been used to study adenosine or ATP.10-14 Nafion is a permselective polymer that 

enhances sensitivity to cations and decreases sensitivity to anions.11 At physiological 

pH, ATP is negatively charged while adenosine is neutral. Thus, coating carbon-fiber 

microelectrodes with Nafion is expected to increase the selectivity for adenosine over 
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ATP because of the charge repulsion between Nafion and ATP. Different coating 

methods have been explored for depositing Nafion onto carbon-fiber microelectrodes 

and dip-coating and electropolymerization are the most common.10,15 Dip-coating has 

traditionally been used on disk electrodes, due to the limited surface area the Nafion 

polymer needs to adsorb,14,16 but cylinder electrodes can be dip coated using longer dip 

coating times.17,18    

Carbon nanotubes (CNTs) have also been used to modify carbon-fiber 

microelectrodes to enhance detection of neurotransmitters.19-22 CNTs offer unique 

chemical, electrical, and structural properties which can increase sensitivity and promote 

electron transfer kinetics.23-25 To purify and functionalize CNTs, treatments with strong 

oxidizing acids are used.26 The resultant oxygen containing functional groups located on 

the sidewall defects and ends of CNTs change the overall hydrophobicity which affects 

the suspension of the nanotubes in various solvents.27 CNTs are often dispersed in low 

concentrations of Nafion and deposited on electrodes to study the effects of CNTs on 

electrode sensitivity.19,28,29  Vertically aligned CNTs supported on thin Nafion-iron oxide 

layers have also been reported, although in this case the Nafion just aids in depositing 

iron oxide on the surface and is not deposited in a thick enough layer to exclude 

anions.30,31 Combining CNTs with higher concentrations of Nafion increases sensitivity 

for dopamine due to the combination of the preconcentration of the analyte in the Nafion 

and higher surface area of the CNTs.32  However, the combination of Nafion and CNTs 

has not been studied for purines such as adenosine.  

In this study, we developed modified carbon-fiber microelectrodes with Nafion 

and CNTs to enhance the sensitivity and selectivity for adenosine over ATP.  Using 

FSCV, we found that Nafion-CNT coatings increased the sensitivity for adenosine 4 fold, 

which was twice as much as Nafion alone.   Adenosine had higher sensitivity 

enhancements than adenine, showing an effect of the ribose unit, and enhanced 
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sensitivity over guanosine or inosine, two nucleosides that contain carbonyl groups. 

Nafion-CNT electrodes were significantly more selective for adenosine than for ATP 

after exogenous application of analyte in brain slices. Thus, the enhanced sensitivity and 

selectivity of adenosine in vitro translates to improved performance in brain slices. 

3.2 Methods 

3.2.1 Solutions and chemicals: 

Purine, histamine, and dopamine standards were purchased from Sigma, dissolved in 

0.1 M HClO4 for 10 mM stock solutions and diluted daily in Tris buffer for testing.  All 

compounds were tested at 5 µM except dopamine, which was 1 µM. The Tris buffer 

solution was 15 mM Tris(hydroxymethyl)aminomethane, 1.25 mM NaH2PO4, 2.0 mM 

Na2SO4, 3.25 mM KCl, 140 mM NaCl, 1.2 mM CaCl2, and 1.2 mM MgCl2 with the pH 

adjusted to 7.4 (all Fisher, Suwanee, GA). For in situ experiments, calibrations were 

performed in aCSF: 126 mM NaCl, 2.5 mMKCl, 1.2 mM NaH2PO4, 2.4 mM CaCl2 

dehydrate,1.2 mM MgCl2 hexahydrate, 25 mM NaHCO3, 11 mM glucose, and 15 mM tris 

(hydroxymethyl) aminomethane, pH 7.4. All aqueous solutions were made with 

deionized water (Milli-Q Biocel, Millipore, Billerica, MA).   

 

3.2.2 Preparation of microelectrodes: 

 Carbon-fiber microelectrodes were fabricated from T-650 carbon-fibers (gift from Cytec 

Engineering Materials, West Patterson, NJ).29 .  Cylinder electrodes, approximately 50 

µm long, were used. Electrodes were epoxied with Epon Resin 828 (Miller-Stephenson, 

Danbury, CT) with 14% (w/w) 1,3-phenylenediamine hardener (Sigma-Aldrich, St. Louis, 

MO) to ensure a good seal. All electrodes were soaked for at least 10 min in isopropanol 

(Fisher Scientific) prior to use. Dip coating carbon-fiber microelectrodes with Nafion-CNT 

was chosen over electropolymerization due to the application voltage causing CNTs to 
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aggregate and fall out of solution more quickly.The Nafion coating procedure was 

adapted from Wiedemann et al. and Hashemi et al. 10,15 The electrode was dipped in a 5 

wt % Nafion solution in methanol (Ion Power, New Castle, DE) for 5 minutes, air dried for 

10 s, then baked in an oven at 70°C for 10 minutes. Electrodes were stored overnight at 

room temperature prior to use. To modify the electrode surface with Nafion and CNTs, 

the functionalized CNTs were suspended in the 5 wt % Nafion solution with a tissue 

sonication probe for 60 minutes. High pressure carbon monoxide conversion (HiPco) 

single-walled CNTs (Carbon Nanotechnologies, Houston, TX)  were functionalized by a 

procedure adapted from Wei et al.33 that was described previously. 32 The coating 

procedure for the Nafion-CNT was the same as for the Nafion modified electrodes. 

 

3.2.3 Functionalization of CNTs.: 

 25-30 mg of CNTs were suspended in 100 mL of piranha solution (3:1 sulfuric acid: 

30% hydrogen peroxide) and placed in a water bath sonicator for 24 hours at 0oC.  After 

approximately 19 hours, 5 mL of 30% hydrogen peroxide was added to the mixture to 

make up for hydrogen peroxide decomposition.  After 24 hours, the CNT solution was 

“polished” by heating to 70oC for 15 minutes.  The CNT solution was diluted with 1 L of 

deionized water and vacuum filtered with a 0.22 µm filter paper and allowed to dry 

overnight. (Millipore, Ireland). 

 

3.2.4 Electrochemistry: 

 Fast-scan cyclic voltammograms were collected using a GeneClamp 500B potentiostat 

(Molecular Devices, Union City, CA ) with a custom-modified headstage.  Data was 

collected from a homebuilt data analysis system and two computer interface boards 

(National Instruments PCI 6052 and PCI 6711, Austin TX) were used to apply the 
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waveform. The electrode was scanned from -0.4 V to 1.45 V (vs Ag/AgCl) and back with 

a scan rate of 400 V/s and a repetition rate of 10 Hz.  Measurements were performed 

before and after modification with Nafion or Nafion-CNTs, so each electrode served as 

its own control.  Electrodes were tested using flow-injection analysis as described 

previously.34 Prior to data collection, electrodes were cycled with the waveform for 10 

min in order to allow the background to stabilize.  

 

3.2.5 Scanning Electron Microscopy: 

 Scanning electron microscopy images were taken on a JEOL JSM-6700F microscope 

(Tokyo, Japan) by using an accelerating voltage of 10 kV and a working distance of 

approximately 6 mm. Electrodes were sputter-coated before imaging with carbon 

(PECS, 682, Gatan Inc, Pleasanton, CA). 

 

3.2.6 Brain slice experiments: 

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

University of Virginia. Male Sprague-Dawley rats (250-350 g) purchased from Charles 

River and brain slices were collected as previously described.7 The electrode position in 

the prefrontal cortex corresponded to approximately the following coordinates from 

bregma: AP: 4.20 mm, ML: 0.4 to 0.8 mm, and DV: -3.4 to -4.0mm.35 A glass 

micropipette was pulled from a borosilicate glass capillary to an outer diameter of around 

15 µm and positioned in the tissue approximately 30 µm away from the working 

electrode. The pipette was filled with 100 µM adenosine and 60 pmol adenosine was 

pressure ejected (500-600 ms, 20-30 psi) using a Picosprtizer III (Parker Hannifin Corp., 

Fairfield, NJ) 10 minutes after electrode implantation.  A second injection was repeated 
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10 minutes later to ensure stability. Two pressure ejections of 60 pmol of ATP were 

performed 10 min apart, starting 10 minutes after the last adenosine application. 

 

3.2.7 Statistics:  

All values are reported as the mean ± standard error of the mean (SEM). Paired t test 

were performed for comparing average bare electrode current to the average coated 

electrode current and for comparing electron transfer effects.  All statistics were 

performed in GraphPad Prism (GraphPad Software,Inc., La Jolla, CA) and considered 

significant at the 95% confidence level (p<0.05). 

 

3.3 Results and Discussion 

3.3.1 Surface structure characterization: 

Nafion-CNT carbon-fiber microelectrodes were developed to increase sensitivity 

and selectivity for adenosine over ATP.  Scanning electron microscopy (SEM) images of 

the electrode provide evidence of CNTs on the surface. Fig. 3.1 shows images for 

Nafion, 0.05 mg/mL CNT in Nafion, and 0.2 mg/mL CNT in Nafion modified electrodes. 

Fig. 3.1A shows that the Nafion coating is not uniform but does cover part of the 

electrode sidewall. The lack of a uniform Nafion layer may be caused by the short dip 

time and using dip coating instead of electropolymerization.10  The Nafion-CNT modified 

electrodes (Fig. 3.1B and 3.1C) show CNT rod-like structures ranging from 30-50 nm in 

diameter covering the surface.  Previously, polymers such as Nafion were shown to 

wrap CNTs and since individual single-walled CNTs are only 1-2 nm in diameter, the 

CNTs in Fig. 3.1B and C may be Nafion wrapped.25,36,37  Alternatively, the larger 

diameter may be a result of CNT bundle formation. Fig. 3.1B and Fig. 3.1C show 

differences in amount of CNT coverage on the electrode surface. The 0.05 mg/mL CNT 
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coated electrodes have fewer CNTs on the surface than the 0.2 mg/mL CNT coated 

electrodes.  

 
Figure 3.1: Scanning electron microscopy (SEM) images of Nafion and Nafion-CNT 
modified carbon-fiber microelectrodes at 100,000x resolution. Scale bar is 100 nm. 
A.) Nafion modified electrodes show a non-uniform layer of Nafion on the surface of the 
cylinder electrode B.) 0.05 mg/mL CNT in Nafion. Electrodes coated in this solution have 
a lower density of CNTs than electrodes coated with C.) 0.2 mg/mL CNT in Nafion.  
CNTs appear as 30-50 nm rod-like structures. The large diameter is attributed to either 
CNT bundle formation or the effect of Nafion wrapping the CNTs. 
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3.3.2 Nafion-CNT carbon-fiber microelectrodes increase sensitivity to adenosine: 

Fig. 3.2 shows representative CVs for 5 µM adenosine (Fig. 3.2A) and ATP (Fig. 

3.2B) on the same scale to illustrate the differences in sensitivity.  Adenosine and ATP 

have similar electrochemistry as both contain an adenine group which is oxidized.9  

When the electrode is scanned from -0.4 to 1.45 V and back, adenine can undergo a 

series of three, two-electron oxidations. The first oxidation potential of adenine is 1.3 V, 

however with FSCV the first oxidation peak of adenosine and ATP is observed around 

1.40 V of the cathodic scan.9,38  The peak appears on the cathodic scan because of time 

required for electron transfer and the fast scan rate. When a switching potential of 1.5 V 

was used in previous experiments, the peak was observed at 1.5 V.38 A slightly lower 

switching potential was chosen here because it produced more stable background 

currents and lessened the possibility of hydrolysis of water.  The second oxidation peak 

for adenosine and ATP occurs at 1.0 V on the anodic scan, and the third oxidation peak 

is seldom seen at our cylindrical T-650 carbon-fiber microelectrodes. Quantitation for 

adenosine and ATP were performed at the first 

oxidation peak for all experiments.   

Figure 3.2: Nafion-CNT coated electrodes 
improve sensitivity. The electrode was scanned 
from     -0.4 V to 1.45 V and back at 400 V/s. 
Nafion-CNT electrodes were fabricated by dip 
coating in 0.05 mg/mL CNTs in Nafion for 5 
minutes. A.)  A cyclic voltammogram (CV) of 5 µM 
adenosine shows the response to a bare electrode 
(solid) and the same electrode after Nafion-CNT 
modification (dashed). The oxidative current 
increased about 4 fold with Nafion-CNTs.  B.) A 
CV of 5 µM ATP shows only a 2 fold increase in 
sensitivity after Nafion-CNT coating.  The 
response for ATP is about 6-fold less than 
adenosine after Nafion-CNT coating.   
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The bare carbon-fiber microelectrodes had a 2.7-fold higher sensitivity for 

adenosine than ATP although the electrochemistry is similar (Fig. 3.2).  At physiological 

pH, the phosphate groups on ATP are expected to be deprotonated, giving it a negative 

charge.  The lower sensitivity for ATP is likely due to poor adsorption because of the 

negative charge or steric hindrance of the phosphate groups that prevent the adenine 

moiety from being properly aligned for oxidation.39    

 

Figure 3.3: The electrochemical reactions observed after Nafion-CNT coated are 
primarily adsorption controlled. 5 µM adenosine and ATP were tested at Nafion-CNT 
electrodes for scan rates ranging from 50 V/s to 800 V/s. Plotting current versus scan 
rate and square root of scan rate shows if reaction is primarily adsorption or diffusion 
controlled. A and B) For adenosine, the electrochemical reaction at a coated electrode is 
primarily adsorption controlled because the current versus scan rate plot is more linear. 
C and D) For ATP, the electrochemical reaction is also primarily adsorption controlled at 
coated electrodes. (n=3). 

 

Dip coating carbon-fiber microelectrodes in 0.05 mg/mL CNT in Nafion for 5 

minutes increased the oxidation current for adenosine and ATP compared to bare 

carbon-fiber electrodes (Fig. 3.2).  However, the increase for adenosine was larger than 
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for ATP and the signal for adenosine was 6 times greater than the signal for ATP after 

Nafion-CNT coating. Nafion-CNT coating increased both sensitivity for adenosine and 

selectivity over ATP.  The electrochemical reactions observed for both adenosine and 

ATP on the Nafion-CNT coated electrode are primarily adsorption controlled (Figure 

3.3). 

 

3.3.3 Optimization of CNT concentration: 

To test the effects of the amount of CNTs on the current detected, 0.05 mg/mL 

and 0.2 mg/mL CNTs suspended in Nafion were tested.  In Fig. 3.4, the y-axis is a ratio 

of peak oxidation current of the coated electrode divided by the bare electrode.  A ratio 

higher than 1.0 indicates an increase in current.  As a control, electrodes were dip 

coated with only Nafion, which improved the current for adenosine 1.9 ± 0.3 fold but did 

not improve the signal for ATP. The data suggest that a thin Nafion layer is deposited 

onto the electrode, which causes a small increase for adenosine but not for the 

negatively-charged ATP.  The oxidative current increased more for adenosine than for 

ATP for both CNT concentrations tested (Fig. 3.4).  For 0.05 mg/mL CNTs in Nafion, the 

coated electrode peak oxidation current was significantly greater than the bare electrode 

for adenosine (paired t-test p < 0.005) but not for ATP (p>0.05). The electrodes dipped 

in 0.2 mg/mL CNTs in Nafion did not have as large a signal improvement as for 0.05 

mg/mL CNTs in Nafion and the increase was not significant for either adenosine or ATP 

(paired t-test, p>0.05).    

As a control, electrodes were also coated in 0.05 mg/mL CNTs in methanol, the 

solvent for Nafion, and the increases in sensitivity were minimal.  These electrodes were 

noisy, possibly because of uneven coatings from poorly suspended CNT solutions. A 

greater increase in current for the lower CNT concentration in Nafion could be due to the 
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stability of the Nafion-CNT solution, as the higher concentration of CNTs did not remain 

suspended for the entire length of coating and formed aggregates, which lead to noisier 

electrode.40 On electrodes with thicker layers of CNTs, the electroactive sites on the 

CNTs may be harder to access. Thus, lower concentrations of CNTs were chosen for 

further analysis.  

 

 

 

 

 

 
Figure 3.4: Average peak oxidation current ratios for adenosine at microelectrodes 
modified with Nafion, 0.05 mg/mL CNT in Nafion, or 0.2 mg/mL CNT in Nafion. The 
y-axis is a ratio of the oxidative current after coating to the current before coating.  
Nafion-CNT modified electrodes with 0.05 mg/mL (striped) show enhanced sensitivity 
compared to electrodes coated with 0.2 mg/mL (grey) or Nafion only (white). The ATP 
current ratio remains about the same for each treatment with CNTs yet decreases 
slightly after Nafion only coating. (n = 6 for Nafion and Nafion+0.2 mg/mL CNT and n = 
18 for Nafion+0.05 mg/mL CNT) 

 

Selectivity, stability, and limit of detection (LOD) were evaluated for the optimized 

Nafion-CNT coated electrode. The selectivity for adenosine compared to ATP is 3-fold 

higher for Nafion-CNT modified electrodes than bare electrodes, which allows improved 

confidence for in vivo use.  The stability of the coated electrode was evaluated by 

observing the change in current over a 3 hour time period in vitro. The electrode 

sensitivity was 94 ± 2 % of original signal after 3 hours of cycling (n=3). Biostability was 

also evaluated by observing the change in sensitivity after the Nafion-CNT electrodes 

were exposed to the brain slice for 1 hour. The coated electrodes maintained 72 ± 2 % 

of the original signal after slice exposure whereas bare electrodes had only 57 ± 7 % of 

their original signal (n=4 each). The LOD of the Nafion-CNT modified electrodes was 7 ± 
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2 nM for adenosine which was significantly different than the bare electrode LOD of 21 ± 

3 nM (p<0.01 n = 5). The improvement in detection limit will allow more reliable detection 

of low nanomolar changes in vivo.  

 

3.3.4 Time response of Nafion-CNT modified electrodes: 

 The response time of Nafion-coated and Nafion-CNT electrodes are compared to 

bare electrodes in Fig. 3.5. Normalizing to the same peak height (inset) allows a better 

comparison of the shape of the response.  During flow injection analysis, a square plug 

of analyte flows by the electrode which ideally results in a square shaped, oxidation 

current versus time trace. However, the current versus time trace is not always ideal due 

to properties such as adsorption of the analyte to the surface and diffusion through the 

polymer to the electrode surface.41 Nafion decreases temporal resolution because the 

analyte must diffuse across the layer42 and in Fig. 3.5, Nafion coating did slightly slow 

the response time to adenosine.  Bare electrodes had an average 10% to 90% rise time 

of 1.2 ± 0.1 s which was significantly different than the Nafion only electrodes rise time of 

1.9 ± 0.2 s (p< 0.01, n = 6). When the electrodes are coated with Nafion-CNTs, rise time 

does not change from the bare electrode (1.2 ± 0.2 s, p>0.05, n = 24). Therefore, the 

additional sensitivity of adding CNT to the Nafion did not come at the expense of slowing 

temporal resolution.     
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Figure 3.5: Current versus time profiles of 
A.) Nafion and B.) Nafion-CNT modified 
carbon-fiber microelectrodes for 5 µM 
adenosine. The insets are normalized 
currents to illustrate differences in shape.  
For flow injection analysis, buffer is initially 
flowed by the electrode for 4 s, then analyte 
flowed for 4 s followed by buffer again. A) 
The time response after Nafion modification 
is slightly slower due to slower diffusion.  B) 
Nafion-CNT modified electrodes did not 
show slower response after modification.  
 

 

 

 

3.3.5 Investigation of other electroactive purines, purine derivatives, and 

neurotransmitters: 

 Table 3.1 reports average ratios of coated to bare peak oxidation currents to 

facilitate comparison of increases in sensitivity after Nafion-CNT coating for multiple 

species. Anions at physiological pH (ATP, AMP, uric acid) showed lower increases in 

sensitivity because the Nafion and the negatively charged oxide groups on the CNTs 

cause repulsion of anions. However, a total repulsion is not observed, likely because the 

CNTs did increase the electroactive surface area and a complete layer of Nafion was not 

formed. The improvements for ATP and AMP sensitivity are similar. Adenosine has the 

highest increase in sensitivity and the improvement was twice as big as that for 

dopamine. Adenosine signal improvement may be larger than dopamine because of the 

number or location of adsorption sites exposed to the electrode surface. Histamine and a 

basic pH change of +0.20 pH units were evaluated as other potential interferents. A 2-
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fold increase was seen for histamine after Nafion-CNT coating whereas no increase was 

seen for the basic pH shift (Fig. 3.6, n = 3).   

 

Figure 3.6: Cyclic voltammograms of A.) 5 µM histamine and B.) Basic pH shift of 
+0.2 pH units before and after Nafion-CNT coating. A 2-fold increase is seen for 
histamine and no change is observed for the basic pH shift.   
 
Table 3.1 Average current improvement for common purines, purine derivatives, 
and neurotransmitters  

Nafion-CNT/Bare 

Adenosine  (5 µM) 4.2 ± 0.9 

AMP (5 µM) 1.7 ± 0.7 

ATP (5 µM) 1.6 ± 0.2 

Uric Acid (5 µM) 1.3 ± 0.1 

Dopamine (1 µM) 2.3 ± 0.3 

Adenine (5 µM) 2.0 ± 0.3 

Guanosine (5 µM) 1.8 ± 0.1 

Guanine (5 µM) 1.7 ± 0.1 

Inosine (5 µM) 1.5 ± 0.2 

Hypoxanthine (5 µM) 1.4 ± 0.1 

Average data are the ratio of modified peak oxidation current to bare peak oxidation 
current for each analyte. Values given are ± SEM for n = 18 for all analytes except for 
guanine and inosine (n = 12). 
  

 To study structural effects on sensitivity, purine bases and their corresponding 

nucleoside were compared: adenine and adenosine, guanine and guanosine, and 

5 M Histamine

-0.4 V 1.45 V

-20 nA

35 nA

Bare
Nafion+CNT
Modified

Basic pH

-0.4 V 1.45 V

-10 nA

10 nA

A. B.



R o s s | 87 

 

hypoxanthine and inosine. Guanine is a purine base found in DNA like adenine and it 

contains a carbonyl group at the C6 position and an amine group at the C2 position, 

instead of at the C6 position as in adenine (see Fig. 3.7 for structures). Hypoxanthine is 

a xanthine derivative which has a carbonyl group at the C6 position like guanine; 

however, it does not contain an amine group. Inosine is the nucleoside of hypoxanthine 

and is also a downstream metabolite of adenosine.5 Fig. 3.7 shows an example CV for 

each analyte before and after Nafion-CNT coating and Figure 3.8 shows calibration 

curves for 50 nM to 10 µM for all the analytes.  

 

 
Figure 3.7: Cyclic 
voltammograms of 
each purine base 
and nucleoside 
Insets show 
structures for each 
analyte. A.) 5 µM 
adenine, B.) 5 µM 
adenosine, C.) 5 µM 
guanine, D) 5 µM 
guanosine, E) 5 µM 
hypoxanthine and F) 
5 µM inosine. Higher 
currents were seen 
for all purine bases 
for bare electrodes. 
All analytes show an 
increase in current 
after Nafion-CNT 
coating (dotted line).  
 

 



R o s s | 88 

 

 

Figure 3.8: Calibration curves for purines and associate nucleosides for both bare 
and coated electrodes. A) Adenine B) Adenosine C) Guanine D) Guanosine E) 
Hypoxanthine and F) Inosine (n = 4). Hypoxanthine and inosine were the least linear for 
both bare and coated electrodes because the electrodes were less sensitive to these 
analytes. Most analytes showed an improvement in linearity after coating (exception: 
hypoxanthine, inosine, and adenine).  

 

First, the amount of current observed was compared for each purine and 

corresponding nucleoside.  In all cases, higher currents were observed at bare 

electrodes for each purine base compared to its nucleoside.  Bare electrodes are about 

3 to 4-fold more sensitive to the purine base adenine than for adenosine (Fig. 3.7 A, B 

and Fig. 3.8A, B), however guanine had only a slightly higher current than guanosine 

(Fig. 3.7 C, D and Fig. 3.8C, D).  The sensitivity for bare electrodes to hypoxanthine is 

lower than adenine or guanine, showing the absence of the amine group decreases 
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sensitivity (note the difference in scale between Fig. 3.7 A/C and E).  The oxidation peak 

for inosine is not well defined, although the broad peaks on the cathodic scan increased 

with increasing inosine concentration, signifying they are due to inosine detection (Fig. 

3.8F).   

Second, the effect of different functional groups on purines was characterized.  

The initial sensitivity for adenine and guanine is similar at bare electrodes, although their 

oxidation peak potentials are different.  The increase in current after Nafion-CNT coating 

is slightly higher for adenine than guanine (Table 3.1).  After Nafion-CNT coating, lower 

improvements in sensitivity were observed for hypoxanthine than for guanine or adenine 

(Table 3.1).  Comparison of changes in calibration slopes were also made, and the same 

trends were observed (see Figure 3.8 and Table 3.2). The data demonstrate that amine 

groups increase the oxidation current for purines, likely by increasing adsorption to the 

electrode, and that the presence of a carbonyl group decreases the sensitivity 

enhancements with Nafion-CNT coating.  

Table 3.2. Average calibration slope improvement for purines and nucleosides 

Adenine 2.2 ± 0.2 

Adenosine 3.2 ± 0.1 

Guanine 1.5 ± 0.2 

Guanosine 1.8 ± 0.3 

Hypoxanthine 1.4 ± 0.3 

Inosine 1.3 ± 0.2 

Average data are the ratio of modified calibration slope to bare calibration slope for each 
analyte. Values given are ± SD for n = 4. 

 

Third, the effect of the ribose unit on sensitivity enhancement after Nafion-CNT 

was determined by comparing the purine bases and nucleosides. For guanosine and 

inosine, the enhancement in signal after Nafion-CNT was about the same as for their 
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corresponding purine (Fig. 3.7 and Table 3.1).  However, adenosine had two times the 

increase in sensitivity of adenine, when comparing current ratios and about a 1.5 

increase in sensitivity over adenine when comparing changes in calibration slopes, 

indicating a positive effect of the ribose unit. The compounds with the carbonyl group 

showed no difference for improvement for purines and nucleosides.  For adenosine, 

interactions between the ribose group and the CNTs, particularly repulsion by the oxide 

groups, might facilitate better orientation of the adenine group on adenosine and 

enhance oxidation current.      

 

3.3.6 Selectivity of Nafion-CNT modified electrodes in brain slices:  

 The selectivity of the Nafion-CNT coated electrode for adenosine over ATP was 

demonstrated in rat brain slices. Adenosine and ATP were pressure ejected into a slice 

from a micropipette positioned 30 µm away from the working electrode.  Both a bare and 

Nafion-CNT coated electrode were tested in each slice, allowing the selectivity for 

adenosine over ATP to be determined for a bare and a Nafion-CNT coated electrode in 

each slice.  Figures 3.9 shows the responses of a bare electrode (3.9A) and a Nafion-

CNT electrode (3.9B) to exogenously applied adenosine and ATP in the same slice. The 

Nafion-CNT coated electrode has a 5.1 ± 0.5 fold greater signal for adenosine than ATP 

compared to the 2.1 ± 0.4 fold difference for the bare electrode (Figure 3.9C). The 

Nafion-CNT electrodes were significantly more selective for adenosine than bare 

electrodes in brain slices (n=4, p<0.005) and the increase in selectivity is about the 

same as that seen in vitro, where the electrode was 6 times more sensitive for 

adenosine.  The Nafion-CNT coated electrode will facilitate future studies that have a 

greater sensitivity and selectivity for adenosine detection in the brain.    
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Figure 3.9: Brain slice data comparing bare and coated electrodes selectivity for 
adenosine. Adenosine and then ATP was pressure ejected into the medial prefrontal 
cortex 30 µm from the recording electrode.  A) CV of adenosine (dashed) and ATP 
(solid) at a bare electrode show it is 2 times more selective for adenosine. B) The 
Nafion-CNT coated electrode is 5 times more selective for adenosine over ATP in the 
same slice as the bare electrode. C) Average selectivity ratio in a slice, given as a ratio 
of adenosine detected to ATP detected for both bare and coated electrodes (n=4, 
p<0.005).  
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3.4 Conclusions  

 In this chapter, I show that combining Nafion and CNTs on the surface of carbon-

fiber microelectrodes provided enhanced sensitivity and selectivity to adenosine over 

ATP. A lower concentration of CNTs was optimal for enhanced sensitivity for adenosine. 

Temporal response was not affected by Nafion-CNT coating which makes these 

electrodes ideal for in vivo use because they maintain a fast response. Comparing pairs 

of different purine bases shows that the presence of an amine group enhances 

sensitivity and that purines with carbonyl groups do not have as great an enhancement 

after Nafion-CNT coating.  The ribose group provides additional sensitivity enhancement 

for adenosine over adenine, but this trend is not observed for other purines and 

nucleosides.  The Nafion-CNT electrodes detected adenosine more selectively than ATP 

in brain tissue as compared to bare electrodes.  Overall, Nafion-CNT electrodes provide 

more sensitive and selective detection of adenosine which should facilitate more reliable 

detection of adenosine in biological systems.    
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Chapter 4: Sawhorse waveform voltammetry for selective detection of adenosine, 
ATP, and hydrogen peroxide 

 

Abstract 

 Fast-scan cyclic voltammetry is an electrochemistry technique which allows 

subsecond detection of neurotransmitters in vivo. Triangle shaped waveforms are 

traditionally used for neurotransmitters such as dopamine. Recently, modified 

waveforms have become popular to maximize analyte sensitivity and to reduce fouling. 

The sawhorse waveform has been used to stabilize background current during 

dopamine detection with faster scan rates. Here, a sawhorse waveform was used to 

maximize time for adenosine oxidation and to manipulate the shapes of cyclic 

voltammograms (CVs) of analytes which oxidize at the switching potential. The 

optimized waveform consists of scanning at 400 V/s from -0.4 to 1.35 V and holding 

briefly for 1.0 ms followed by a ramp back down to -0.4 V. This waveform allows a lower 

switching potential for adenosine detection. Hydrogen peroxide and ATP also oxidize at 

the switching potential and can interfere with adenosine measurements in vivo; however, 

their CVs were different from adenosine with the sawhorse waveform. Principal 

component analysis (PCA) was used to determine that the sawhorse waveform was 

better than the triangle waveform at discriminating between adenosine, hydrogen 

peroxide, and ATP. With calibrations performed in slices, PCA was also able to identify 

mechanically-evoked adenosine release in brain slices.  The sawhorse waveform is 

useful for adenosine, hydrogen peroxide, and ATP discrimination and will facilitate more 

confident measurements of these analytes in vivo. This paper has been submitted to the 

Journal of Analytical Chemistry.  
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4.1 Introduction 

 Fast scan cyclic voltammetry (FSCV) is an electrochemical technique which 

allows subsecond measurements of neurotransmitters in vivo.1-3 Traditional FSCV uses 

a triangular shaped waveform which is applied to a carbon-fiber microelectrode at a scan 

rate of 300-400 V/s.4,5 Most FSCV research has focused on studying dopamine 

dynamics in the brain,6-9 where dopamine is detected at 0.6 V and traditional waveforms 

are only scanned to 1.0 V.10 However, recently the waveform was extended to 1.3 V 

which caused an increase in dopamine oxidative current 11. The increase in current was 

due to increased adsorption from oxygen functional groups and surface renewal from 

breaking carbon-carbon bonds on the surface.12 With higher scan rates up to 2400 V/s, a 

sawhorse shaped waveform was implemented that holds at a 1.3 V switching potential 

for around a half a millisecond.13 The purpose of holding at 1.3 V was to stabilize and 

renew the electrode surface and not to allow more time for dopamine oxidation, as the 

surface adsorbed dopamine completely oxidized before the hold time.  Waveform 

optimization has proven to be an important tool for maximizing analyte sensitivity12 and 

reducing fouling1,14 at the electrode.  

 FSCV has been extended to several other important but more electrochemically-

challenging neurochemicals in the brain such as serotonin1, hydrogen peroxide15, and 

adenosine16. Adenosine poses a specific challenge due to its relatively high E0 (~1.30 

V)17, so a switching potential of 1.45-1.50 V with FSCV is necessary.16,18,19 Adenosine is 

a neuromodulatory molecule found in the brain20-22 and is neuroprotective during 

conditions of ischemia23,24 and hypoxia25,26. Detection of adenosine using FSCV3,16,18 is 

beneficial for understanding how adenosine functions on the subsecond to second 

timescale.27 A secondary peak has been observed with FSCV for adenosine detection 
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and can aid in distinguishing the analyte, however the secondary peak is harder to see 

at very low concentrations.18,28   

 Other analytes have cyclic voltammograms (CVs) with peaks around the same 

potential as adenosine, including ATP and hydrogen peroxide.15,16,18 ATP can be 

released by exocytosis and then metabolized extracellularly to adenosine.21 ATP and 

adenosine have the same electroactive adenine moiety17 and their CVs are almost 

identical.  However, FSCV detection of adenosine at carbon-fiber microelectrodes is 3-6 

times more sensitive than for ATP, due to the negative charge of ATP.18 Hydrogen 

peroxide also has a peak that occurs near the switching potential with FSCV.15,29,30 

Unlike adenosine and ATP, hydrogen peroxide does not have a secondary peak but the 

relatively slow kinetics of hydrogen peroxide mean that the main peak is detected at a 

similar potential as the primary peak for adenosine.15 While scanning to higher potentials 

might help separate adenosine and hydrogen peroxide, this solution is not practical due 

to water hydrolysis. Thus, a waveform is needed which could allow for better 

discrimination between these analytes that does not require a higher switching potential.  

 In this study, we discriminated adenosine, ATP, and hydrogen peroxide using a 

sawhorse waveform.  The purpose of holding at the switching potential was to allow 

more oxidation to occur without the need for a higher switching potential. We found that 

holding the electrode at the switching potential for 1.0 ms allows a lower oxidizing 

potential to be used for adenosine detection. Higher amounts of current were observed 

for adenosine with a 1.35 V switching potential at the sawhorse waveform compared to 

the triangle waveform. Holding for 1.0 ms at the switching potential produced an extra 

peak in the adenosine CV which was not present for hydrogen peroxide and therefore 

the two compounds could be distinguished. Principal component analysis (PCA) was 

used to discriminate between adenosine, ATP, hydrogen peroxide, and dopamine and 

the sawhorse waveform was better for distinguishing between the analytes.  
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Mechanically stimulated adenosine in slices was accurately predicted as adenosine 

using the sawhorse waveform. Overall, adenosine can be detected with higher sensitivity 

and selectivity at lower potentials with the sawhorse waveform.  

 

4.2 Methods 

4.2.1 Chemicals 

Adenosine and dopamine standards were purchased from Sigma Aldrich (St. 

Louis, MO) and ATP was purchased from Tocris Biosciences (Bristol, United Kingdom), 

dissolved in 0.1 M HClO4 for 10 mM stock solutions and diluted daily in Tris buffer for 

testing. 30 % hydrogen peroxide was purchased from Macron Fine Chemicals (Center 

Valley, PA) and diluted daily in Tris buffer to its final concentration. The Tris buffer 

solution consists of 15 mM Tris(hydroxymethyl)aminomethane, 1.25 mM NaH2PO4, 2.0 

mM Na2SO4, 3.25 mM KCl, 140 mM NaCl, 1.2 mM CaCl2 dehydrate, and 1.2 mM MgCl2 

hexahydrate at pH 7.4 (all Fisher, Suwanee, GA). For slice experiments, calibrations and 

training set solutions were performed in artificial cerebral spinal fluid (aCSF): 126 mM 

NaCl, 2.5 mMKCl, 1.2 mM NaH2PO4, 2.4 mM CaCl2 dehydrate,1.2 mM MgCl2 

hexahydrate, 25 mM NaHCO3, 11 mM glucose, and 15 mM tris (hydroxymethyl) 

aminomethane, pH 7.4 (all Fisher, Suwanne GA). All aqueous solutions were made with 

deionized water (Milli-Q Biocel, Millipore, Billerica, MA).   

4.2.2 Carbon-fiber microelectrodes 

Carbon-fiber microelectrodes were fabricated from T-650 carbon-fibers (gift from 

Cytec Engineering Materials, West Patterson, NJ)31 and cylinder-shaped electrodes, 

approximately 50-100 µm long, were used. Electrodes were epoxied with Epon Resin 

828 (Miller-Stephenson, Danbury, CT) with 14% (w/w) 1,3-phenylenediamine hardener 
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(Sigma-Aldrich, St. Louis, MO) to ensure a good seal. All electrodes were soaked for 10 

min in isopropanol (Fisher Scientific) prior to use. 

4.2.3 Electrochemistry measurements 

Fast-scan cyclic voltammograms were collected using a ChemClamp (Dagan, 

Minneapolis, MN) and data was collected using Tarheel CV software (gift of Mark 

Wightman, UNC) using a homebuilt data analysis system and two computer interface 

boards (National Instruments PCI 6052 and PCI 6711, Austin TX). The electrode was 

scanned from -0.4 V to 1.45 V (vs Ag/AgCl) and back with a scan rate of 400 V/s and a 

repetition rate of 10 Hz for the triangle waveform. For the sawhorse waveform, the 

electrode was scanned from -0.4 V to 1.35 V and held for 1.0 ms before ramping back 

down, at a scan rate of 400 V/s and 10 Hz repetition rate.  

4.2.4 Brain slice experiments 

Male Sprague-Dawley rats (250-350 g, Charles River, Willmington, MA) were 

housed in a vivarium and given food and water ab libitum. All experiments were 

approved by the Animal Care and Use Committee of the University of Virginia. Rats 

were anesthetized with isoflurane (1 mL/100 g rat weight) in a desiccator prior to slice 

preparation and were immediately beheaded. The brain was removed within 2 min and 

placed in 0-5°C aCSF for 2-4 min for recovery.  A vibratome (LeicaVT1000S, 

Bannockburn, IL) was used to prepare 400 μm slices of the prefrontal cortex. Slices 

were transferred to oxygenated aCSF (95% oxygen, 5% CO2) and allowed to recover for 

approximately an hour before the experiment.  A pump (Watson-Marlo 205U, 

Wilmington, MA) was used to flow 35-37°C aCSF (maintained by an IsoTemp 205 water 

bath (Fisher Scientific) over the brain slice at 2 mL/min.  The electrodes were inserted 50 

μm beneath the tissue and the waveform was applied for 20 min before any data 

collection. The slice was mechanically stimulated by using a micromanipulator to lower a 
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glass pipette 50 µm.  The pipette was ~15 µm in diameter and located about 30 µm 

away from the working electrode.  A PCA training set was collected by pressure ejection 

of adenosine, hydrogen peroxide, and ATP onto brain slices by a Parker Hannifin 

picospritzer (Picospritzer III, Cleveland, OH). A pulled glass pipette was filled with 

analyte and placed 30-50 µm from the carbon-fiber microelectrode. The ejection 

parameters were 10 psi for 100-400 milliseconds and 100-800 nL of analyte (either 25 

µM adenosine, ATP, or H2O2) was delivered to generate a training set in slices. All 

training sets were collected after mechanical stimulation.  

4.2.5 Principal component analysis  

Principal component analysis software was written in LabView Mathscript RT 

Module (from Mark Wightman and Richard Keithley, UNC Chapel Hill).  A training set 

was compiled for each analyte tested (adenosine, ATP, hydrogen peroxide, and 

dopamine). Principal components were extracted from the training set and the data was 

analyzed using principal component regression.32  Mixtures of known concentrations of 

adenosine with hydrogen peroxide, ATP, or dopamine were analyzed. Every training set 

has residuals which account for currents from unknown signals, such as noise.33  The Q-

score is the sum of squares of the residuals for each variable. This was calculated, and 

any signal above Q failed and was not used in the analysis.  The program was used to 

predict concentrations of adenosine and the other analytes within the mixture based on 

the training set of the individual analytes. In slices, a training set was generated by 

exogenously applying adenosine, hydrogen peroxide, and ATP in the brain slice. 

Concentration of mechanically stimulated adenosine signals were predicted using the in 

slice training set.  
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4.2.6 Statistics 

All values are reported as the mean ± standard error of the mean (SEM). All statistics 

were performed in GraphPad Prism (GraphPad Software, Inc., La Jolla, CA) and 

considered significant at the 95% confidence level (p<0.05). One-way ANOVA with 

Bonferroni post tests were used to analyze the switching potential optimization and 

plateau time optimization experiments. Unpaired t-tests were used to compare the 

switching potentials for the triangle and sawhorse waveform. Unpaired t-tests were also 

used to compare the PCA predicted adenosine to the actual mechanically stimulated 

adenosine concentration.  

 

4.3 Results and Discussion 

4.3.1 Comparison of the triangle and sawhorse waveform 

 Fig. 4.1A shows traditional background-subtracted cyclic voltammograms for 5 

µM adenosine, 10 µM hydrogen peroxide, 5 µM ATP, and 5 µM dopamine using the 

triangle waveform (-0.4 to 1.45 V and back at 400 V/s).  The waveform trace is plotted 

on each of the CVs (black dotted line) so that peak positions during the waveform can be 

analyzed.  The main oxidation peak for adenosine, hydrogen peroxide, and ATP is right 

at or slightly after at the switching potential and all look similar.  Adenosine has a 

secondary peak that appears around 1.0 V, which is more prominent at higher 

concentrations.  ATP has the same oxidation reaction as adenosine and the CVs are 

similar except that carbon-fiber microelectrodes are more sensitive to adenosine.16,18,19 

Dopamine has a peak at 0.6 V, away from the switching potential and is shown for 

comparison purposes as a control.34-36   



R o s s | 104 

 

 

Figure 4.1: Cyclic voltammograms (CVs) for the A) triangle and B) sawhorse 
waveform. The triangle waveform is the traditional adenosine waveform for FSCV (-0.4 
to 1.45 V at 400 V/s). The optimized sawhorse waveform involves scanning from -0.4 V 
to 1.35 V, holding for 1.0 ms, and ramping back down to -0.4 V at a rate of 400 V/s. The 
data was collected at two separate electrodes. The dotted black line shows the shape of 
the waveform over time and the blue line represents the current vs applied waveform 
time. The CVs are plotted current versus time instead of versus voltage because of the 
hold time in the sawhorse waveform. 5 µM adenosine, 10 µM hydrogen peroxide, 5 µM 
ATP, and 5 µM dopamine were tested.  
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Keithley et al. first introduced the idea of a sawhorse waveform for dopamine 

detection using FSCV13 but the purpose of the sawhorse was to enhance electrode 

stability at scan rates exceeding 2000 V/s.  Here, a modified sawhorse waveform was 

used to allow more time for analyte oxidation at the switching potential. Figure 4.1B 

shows background-subtracted cyclic voltammograms for the sawhorse waveform which 

scans from -0.4 to 1.35 V, holds for 1.0 ms and then scans back down to -0.4 V at 400 

V/s.  The CVs in this figure are from a different electrode than the CVs for the triangle 

waveform because scanning to a higher potential can irreversibly change the electrode 

surface.12  Traditionally, CVs are plotted as current versus voltage but due to the holding 

time for the sawhorse, the data are better visualized as a plot of current vs applied 

waveform time.  The waveform is also superimposed on each plot in Fig. 4.1.    

  

 
 
 
 
 
 
Figure 4.2: Background current for 
both waveforms. A) Background 
current for the traditional triangle 
waveform (-0.4 to 1.45 V at 400 V/s) 
is plotted in red and the dashed line 
represents the shape of the waveform 
over time. B) Background current for 
the optimized sawhorse waveform (-
0.4 to 1.35 V, hold for 1.0 ms at 400 
V/s) is plotted in red and the black line 
denotes the shape of the sawhorse 
waveform over time. The sawhorse 
background current shows a drop in 
capacitive current at the plateau time.  
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Analytes which oxidize at the switching potential (adenosine, ATP, and hydrogen 

peroxide) all look similar with the triangle waveform; however, at the sawhorse waveform 

the analytes are more distinguishable.  The first difference between CVs from the 

sawhorse and triangle waveform is during the holding time.  The background charging 

current decays during the holding potential (Fig. 4.2A, B) due to the exponential decay in 

capacitive charging.  The faradaic current in the background subtracted CVs also 

decreases. For adsorption controlled species, the peak will return to zero when all of the 

surface adsorbed species is oxidized. For diffusion controlled species, the current 

decays much slower. H2O2 is diffusion controlled (Figure 4.3) and it falls off slowly with 

time during the holding potential (Fig. 4.1B). Log plots of current vs time show a 

significantly slower rate of decay for hydrogen peroxide than for adenosine and ATP 

(Figure 4.4). Adenosine is primarily adsorption controlled16 and current drops off faster at 

the switching potential than for hydrogen peroxide.  ATP is also adsorption controlled 

(Figure 4.3) and because less is adsorbed than adenosine, the signal is back to zero at 

the end of the holding potential despite the fact that the rate of decay is similar to that for 

adenosine (Figure 4.4). Dopamine has no peak at the plateau because all the surface 

adsorbed dopamine was oxidized before that time. 
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Figure 4.3: Scan rate experiments for both 5 µM ATP and 100 µM hydrogen 

peroxide. A) 5 µM ATP was tested at a range of scan rates, and the rest of the 

waveform was held constant (-0.4 V to 1.45 V). The current was normalized to account 

for variability amongst electrodes. The r2 value for the plot of normalized current versus 

scan rate was 0.9745, whereas the r2 for the plot of normalized current versus the 

square root of scan rate was 0.9002 (n = 3). The data fit better to the current versus 

scan rate, so ATP is primarily adsorption controlled. B) 100 µM hydrogen peroxide was 

tested in the same manner; however, the hydrogen peroxide data fit best plot of 

normalized current versus square root of scan rate (r2=0.9668), therefore hydrogen 

peroxide is primarily diffusion-controlled (n = 3).   

 



R o s s | 108 

 

 
 
Figure 4.4: Adenosine current decays significantly quicker than hydrogen peroxide. 
Log plots for current represent if the decay in current is an exponential decay (see 
equation in panel A). The slope of the line is the rate of decay (k) of the current at the 
plateau region (Black trace is the analyte and the red dash trace is the fit). A) Plot of the 
natural log of current versus time for the plateau region of an example adenosine cyclic 
voltammogram. In this example, the r2 is 0.9961, and on average the r2 is 0.9920 ± 
0.0020 (n = 5). B) ATP is fit to the same equation shown in (A), and the r2= 0.9874. The 
average r2 =  0.9880 ± 0.003 (n = 4). C) Hydrogen peroxide is also fit the this equation 
and the r2= 0.9795, and on average is r2= 0.9720 ± 0.004 (n = 4). D) Graph shows 
average k-values (s-1) for each analyte. Rate of decay was significantly dependent on 
analyte (one-way ANOVA, p = 0.0017, n = 4-5). Adenosine and ATP current decays are 
significantly faster than hydrogen peroxide (one-way ANOVA with Bonferroni post-test, 
p<0.05).  

 

Upon ramping back down, an extra peak for adenosine occurs in the sawhorse 

waveform. There is also a large negative current on the forward scan and both of these 

peaks are background subtraction errors. After adenosine is oxidized, the oxidation 

product sticks to the electrode.16  Thus, on the next scan, a secondary oxidation peak for 

a downstream reaction can be observed at 1.0 V.16  The adsorption of any species to the 
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electrode causes a change in the background charging current, which could be due to 

differences in surface area or exposed surface oxide groups.  The extra peaks are much 

more prominent with the sawhorse waveform, likely due to extra time at a potential 

sufficient to break surface carbon bonds and add surface oxide groups.12  Hydrogen 

peroxide is not adsorption controlled and does not have any of the extra peaks (Figure 

4.3).  ATP has less of a secondary peak and fewer of the extra peaks than adenosine, 

likely because less adsorbs due to its charge.  The extra peak on the downward scan is 

also observed for adenine oxidation but is much smaller in current (Fig. 4.5). Adenine is 

the nucleobase of adenosine and does not contain the ribose unit. Because the extra 

peak is observed for adenosine, adenine, and ATP but not hydrogen peroxide, it must be 

due to an adsorption product of the nucleobase. 

  

 

 

 

 

 

 

  

Figure 4.5: Cyclic voltammogram of 5 µM adenine. The CV is plotted as current 

versus time (blue) and the waveform is plotted by the dashed line. Adenine current falls 

off quickly and an extra peak is observed immediately following the plateau.  

 

4.3.2 Sawhorse waveform optimization 

 The sawhorse waveform plateau potential and time were optimized for sufficient 

sensitivity and stability of adenosine. Figure 4.6 shows the effect of plateau potential 

5 M Adenine

10 ms
-10 nA

50 nA
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(Fig. 4.6A) and plateau time (Fig. 4.6B). A range of plateau voltages were tested, from 

1.25 V to 1.45 V (n=4).  Very little current was detected at 1.25 and 1.30 V, which are 

below the oxidation potential for adenosine.17  A noticeable jump in sensitivity was 

observed at 1.35 V and the current for this potential was significantly higher than both 

1.25 V and 1.30 V (one-way ANOVA with Bonferroni post-test, p<0.01 and p<0.05 

respectively, n=4). Slightly higher currents were detected at 1.40 and 1.45 V; however 

the amount of current was not significantly different than 1.35 V (One-way ANOVA with 

Bonferroni post-test, p>0.05).  Thus, 1.35 V was chosen as the optimal plateau potential 

because it provided significantly more current than lower voltages but was further away 

from the potential for water hydrolysis. In addition, background currents were more 

stable at lower potentials.  

 Figure 4.6: Optimization of the sawhorse waveform switching potential and plateau 
time. A)  A range of plateau voltage spanning from 1.25 V to 1.45 V was tested for 1 µM 
adenosine. The plateau time is constant 
at 1.0 ms.  A noticeable jump in current 
is seen at 1.35 V. Overall current was 
significantly dependent on switching 
potential (on-way ANOVA, p=0.0273). 
The current produced from 1.35 V was 
significantly higher than both 1.25 V and 
1.30 V (one-way ANOVA with Bonferroni 
post test, p<0.01 and p<0.05 
respectively, n=4). Slightly higher 
currents were detected at 1.40 and 1.45 
V; however the amount of current was 
not significantly different than 1.35 V 
(one-way ANOVA with Bonferroni post 
test, p>0.05, n=4). B) Three plateau 
times were tested: 0.5 ms, 1.0 ms, and 
1.5 ms for 5 µM adenosine. The plateau 
voltage was held constant at 1.35 V.  
Overall, current was significantly 
dependent on plateau time (one-way 
ANOVA, p < 0.001. Both 1.0 ms and 1.5 
ms plateau times were significantly 
higher than 0.5 ms (one-way ANOVA 
with Bonferroni post-test, p<0.01 and 
p<0.001 respectively, n=4); however, 1.0 
ms was not significantly different than 
1.5 ms (p>0.05). 
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 Increasing the plateau time increases the current detected for 1 µM adenosine at 

a 1.35 V plateau potential (Fig. 4.6B, one-way ANOVA main effect of time, p = 0.0006, 

n=4).  The shortest plateau time (0.5 ms) resulted in the least amount of current 

detected. Both 1.0 ms and 1.5 ms plateau times were significantly higher than 0.5 ms 

(one-way ANOVA with Bonferroni post-test, p<0.01 and p<0.001 respectively); however, 

1.0 ms was not significantly different than 1.5 ms (p>0.05). The background current was 

less stable for 1.5 ms so 1.0 ms was chosen as optimal. This plateau time is longer than 

that optimized for dopamine by Keithley et al.13; however, the purpose here was to allow 

more time for oxidations so a longer hold time was necessary.   

  

 Figure 4.7: Comparison of current at 
both the triangle and sawhorse 
waveform at various switching 
potentials. The plot shows average 
current for each switching potential tested 
for both the triangle (black) and sawhorse 
(grey) waveform for 1 µM adenosine. The 
sawhorse waveform produced significantly 
more current for adenosine than the 
triangle waveform at 1.30 V and 1.35 V 
switching potential (unpaired t-test p<0.01 
and p<0.001 respectively, n=6).The 

currents for 1.40 V and 1.45 V were not significantly different between the sawhorse and 
triangle waveform (unpaired t-test p>0.05, n=6).  
 

 The sawhorse waveform produced significantly more current for adenosine than 

the triangle waveform at 1.30 V and 1.35 V switching potentials (Fig. 4.7, unpaired t-test 

p<0.01 and p<0.001 respectively).  With a 1.35 V upper potential, 1.3 ± 0.3 nA/µM 

adenosine was detected with the triangle waveform (n=6), whereas 6.8 ± 1.1 nA/µM 

adenosine was detected with the sawhorse (n=6); therefore the sawhorse waveform 

offers a 5-fold increase in current over the triangle waveform at 1.35 V which is a 

significant increase (unpaired t-test, p<0.001, n = 6). The currents for 1.40 V and 1.45 V 

were not significantly different between the sawhorse and triangle waveform (unpaired t-
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test p>0.05). The limit of detection (LOD) for the triangle waveform is 34 ± 10 nM with a 

switching potential of 1.35 V and is 21 ± 3 nM with 1.45 V,18 whereas it is 12 ± 4 nM at 

the sawhorse waveform with a 1.35 V switching potential (n=6). The LOD of the 

sawhorse waveform is significantly different than the triangle waveform with a 1.35 V 

switching potential (unpaired t-test, p<0.05) but not significantly different than the 

triangle waveform with a 1.45 V switching potential (unpaired t-test, p>0.05).The 

sawhorse waveform offers more sensitivity at lower potentials than the triangle 

waveform.  

 

4.3.3 Analyte differentiation using principal component analysis 

 Hydrogen peroxide fluctuations in vivo have been recorded29 and because their 

CVs are similar to adenosine, the ability to confidently distinguish between them would 

be beneficial. Carbon-fiber microelectrodes are more sensitive to adenosine than 

hydrogen peroxide (6 nA/µM and 1.5 nA/µM, respectively) but being able to distinguish 

CVs would increase confidence that hydrogen peroxide interferences could be ruled out 

during adenosine monitoring in vivo. Because the analytes have different shapes for 

CVs with the sawhorse waveform, principal component analysis (PCA) was used to 

predict concentrations of analytes in mixtures for both the sawhorse and triangle 

waveform.  

  Principal component analysis has been used in the past for discriminating 

between dopamine and pH changes.37,38 PCA was also used to predict dopamine 

concentrations in the presence of basic pH shifts, ascorbic acid, and 

dihydroxypehnylacetic acid (DOPAC).37 With PCA, a training set is created spanning the 

physiologically relevant concentrations of the analytes. For adenosine, ATP, and 

dopamine the training set was 0.2 µM, 0.5 µM, 1 µM and 5 µM. The hydrogen peroxide 
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training set contained 10 µM, 20 µM, 30 µM, and 50 µM to match physiological 

concentrations and because our electrodes are not as sensitive to hydrogen peroxide. 

From the training set, eigenvalues are calculated; the largest eigenvalues correspond to 

the principal components with the highest variance and thus best correlate to the data.39  

A residual Q-score from the training set is used to reject data that does not significantly 

match the principal components.  A training set was compiled for each analyte 

individually with each waveform and then mixtures of analytes were tested and PCA 

used to predict the concentration of each analyte in the mixture.   

Mixtures of adenosine with hydrogen peroxide, ATP, or dopamine were analyzed 

using both the triangle and sawhorse waveform. Table 4.1 and Table 4.2 show 

adenosine predictions in the presence of hydrogen peroxide, ATP, or dopamine for the 

triangle and sawhorse waveform, respectively. The first column of values is from a 

mixture of 5 µM adenosine and 10 µM hydrogen peroxide. For the triangle waveform, 

PCA underestimated the adenosine and overestimated the hydrogen peroxide 

concentration in the mixture (Table 4.1). Table 4.3 gives statistical data using t-tests that 

show the predicted adenosine and H2O2 concentrations are significantly different from 

the actual values.  Small amounts of ATP and dopamine were also predicted, when 

none were present. In comparison, for the sawhorse waveform, PCA predicted 

concentrations of adenosine and hydrogen peroxide that were much closer to the actual 

concentration and negligible amounts of ATP and dopamine were predicted (Table 4.2, 

column 1, Table 4.3 for statistics). The second column of values represents predicted 

concentrations from a mixture of 5 µM adenosine and 1 µM ATP. Again, with the triangle 

waveform, the adenosine concentration was underestimated and the ATP concentration 

overestimated (Table 4.1). A large portion of the adenosine and ATP mixture was 

attributed to hydrogen peroxide, which was not present.  However, for the sawhorse 

waveform, the predicted values were closer to the actual values of adenosine and ATP 
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and very little hydrogen peroxide was predicted (Table 4.2). Lastly, the third column of 

values in Tables 4.1 and 4.2 represents a mixture of 5 µM adenosine and 1 µM 

dopamine. As with the other mixtures, the principal component analysis was much better 

at predicting the concentrations at the sawhorse waveform and did not predict high 

amounts of hydrogen peroxide or ATP, which were not present.     

Table 4.1: Predicted values for triangle waveform 

  H2O2 (10µM)  ATP  (1 µM) DA  (1 µM) 

AD (5 µM) 3.2±0.2 3.7±0.2 2.8±0.2 

H2O2 19.3±0.7 5.3±0.3 5.8±0.2 

ATP 0.8±0.4 1.5±0.2 1.1±0.2 

DA 1.6±0.8 0.3±0.1 1.9±0.1 

Table represents average predicted values of mixtures for the triangle waveform. 

Column 1 shows average predictions of the mixture of 5 µM adenosine (AD) and 10 µM 

hydrogen peroxide (H2O2). Column 2 is the mixture of 5 µM adenosine and 1 µM  ATP. 

Column 3 is the mixture of 5 µM adenosine and 1 µM  dopamine (DA). Values are mean 

±SEM (n = 4) 

Table 4.2: Predicted values for sawhorse waveform 

 
H2O2(10 µM)  ATP  (1 µM) DA  (1 µM) 

AD (5 µM) 4.4±0.3 4.5±0.2  4.9±0.3 

H2O2  11±1.0 0.5±0.3 0.3±0.3 

ATP 0.6±0.2 1.2±0.1 0.3±0.2 

DA 0.00 0.05±0.03 1.3±0.3 

Table represents average predicted values of mixtures for the sawhorse waveform. 

Column 1 shows average predictions of the mixture of 5 µM adenosine (AD) and 10 µM 

hydrogen peroxide (H2O2). Column 2 is the mixture of 5 µM adenosine and 1 µM  ATP. 

Column 3 is the mixture of 5 µM adenosine and 1 µM  dopamine (DA). Values are mean 

±SEM (n = 4) 
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All the values predicted for the triangle waveform (except for the ATP prediction 

in the adenosine/ATP mixture) were significantly different than the actual concentrations 

(Table 4.3, unpaired t-test, p<0.001). However, for the sawhorse waveform, predicted 

values were not significantly different than the actual values (Table 4.3).  Thus, the 

sawhorse waveform in conjunction with principal components analysis is good for 

discriminating hydrogen peroxide from adenosine and predictions with PCA are more 

accurate than using the triangle waveform. Adenosine and ATP are the hardest to 

distinguish with either waveform; however, the sawhorse waveform was able to 

accurately predict concentrations of ATP and adenosine in a mixture.  While 

pharmacology would also be useful in vivo to help discriminate ATP and adenosine, this 

method is the best electrochemical method currently available for determining both in a 

mixture.    

Table 4.3: Statistics comparing predicted values versus actual values   

 AD+H2O2 
Mixture  

AD+ATP 
Mixture 

AD+DA  
Mixture 

 AD  H2O2  AD  ATP  AD  DA  

Sawhorse  ns  ns  ns  ns  ns  ns  

Triangle  **  **  *  ns  **  **  

unpaired t-test  n=4  *p<0.05 **p<0.01  

 

4.3.4 Mechanically stimulated adenosine is predicted as adenosine in brain slices 

 Previously, mechanically stimulated adenosine in the prefrontal cortex was 

characterized.40 Lowering the electrode about 50 µm in the brain slice caused adenosine 

release that was confirmed to be only adenosine by using pharmacological tests and 

enzyme sensors specific for adenosine and ATP. Mechanically stimulated adenosine 

was also detected immediately after lowering a glass pipette of similar size near the 
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working electrode. Here, we measured mechanically stimulated adenosine in the 

prefrontal cortex with the sawhorse waveform. An in slice training set was generated by 

exogenously applying adenosine, ATP, and hydrogen peroxide in the slice after 

mechanical stimulation data had been collected. The analytes were exogenously applied 

at a range of different amounts to achieve different local concentrations at the electrode, 

just like in vitro, the concentrations at the electrode were calculated based on a pre-

calibration factor. Mechanically stimulated adenosine data was analyzed using PCA with 

the in slice training set. The actual mechanically stimulated adenosine concentration was 

calculated based on a pre-calibration in vitro and the predicted concentration was 

determined using PCA. Figure 4.8A shows an example adenosine training set in slices. 

Mechanically stimulated adenosine has the same features as the exogenously applied 

adenosine (Fig. 4.8B). Mechanically-stimulated release does have an extra negative 

peak at the beginning of the cyclic voltammogram, likely due to an ionic change and this 

was observed with the triangle waveform in past studies as well.40  Figure 4.8C shows 

the actual concentration of adenosine in comparison to the predicted concentrations of 

adenosine, hydrogen peroxide, and ATP. Negligible amounts of ATP and hydrogen 

peroxide were predicted and the signal was predominantly predicted as adenosine. The 

actual concentration and predicted concentrations of adenosine were not significantly 

different from one another (unpaired t-test, p>0.05, n=8). This experiment proved that 

the sawhorse waveform could be used in tissue to predict adenosine concentrations.  

The shape of the adenosine CVs at the sawhorse waveform in slices changed 

slightly from in vitro, likely due to the differences in the tissue environment versus buffer. 

These differences dictate that an in situ training set must be used, as has been used for 

all previous PCA work.  For example, PCA has been used to identify adenosine 

transients in vivo, but the training set was other, large in vivo transients detected with the 

triangle waveform.27 For dopamine, stimulated release was used as the training set to 
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predict dopamine transients.37,41 Here, we use exogenously applied analytes to generate 

an in slice calibration set and the shapes of the mechanically-stimulated adenosine 

release match well with the in slice 

calibration set. 

 

Figure 4.8: Mechanically evoked 
adenosine using the sawhorse 
waveform. The medial prefrontal cortex 
of a rat brain slice was mechanically 
stimulated by a glass pipette lowered 
approximately 30 µm away from the 
carbon-fiber microelectrode. After 
mechanical stimulation, an in slice 
training set was collected for adenosine, 
hydrogen peroxide, and ATP via 
exogenous application near the 
electrode. A) An example adenosine 
training set in a slice. B) An example of a 
mechanically evoked adenosine CV in a 
slice. C.) A comparison of the predicted 
values using PCA for the sawhorse 
waveform compared to the actual value 
if the release was all adenosine (black 
bar).  The actual concentration and 
predicted concentrations of adenosine 
were not significantly different from one 
another (unpaired t-test, p>0.05 n=8). 
Negligible amounts of hydrogen 
peroxide and ATP were predicted. 
 

 

 

4.3.5 Advantages of modified waveforms versus modified electrodes   

 Electrode modifications with polymers and/or carbon nanotubes have been used 

extensively in the past to increase sensitivity and specificity but they require extra 

fabrication time and cost of materials.1,18,42,43 Nafion-CNT modified electrodes have 

enhanced sensitivity and selectivity for adenosine over ATP but the shape of the 
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voltammograms is not different for ATP and adenosine and the sensitivity for hydrogen 

peroxide was never characterized.18 Carbon nanotube yarns have been recently 

characterized for adenosine and hydrogen peroxide detection.  While adenosine also 

has a secondary peak with those materials, discrimination of the two analytes was not 

tested.44 Enzyme sensors for adenosine or ATP can be used to accurately measure 

each compound separately, but a single sensor cannot discriminate between mixtures 

and endogenous H2O2 can be an interferent because the enzymes ultimately produce 

and electrochemically detect H2O2.
45  Overall, the sawhorse waveform provided analyte 

discrimination of adenosine, ATP and hydrogen peroxide and high sensitivity.   

 Modified waveforms have been used in the past to increase sensitivity46,47 and 

reduce fouling14,48, but have not been used to increase the analyte currents or aid 

analyte discrimination.  The sawhorse waveform was first implemented to increase 

electrode stability at high scan rates as holding at the plateau oxidized and renewed the 

electrode surface.13  We used the regular 400 V/s scan rate but focused on maximizing 

current at the plateau potential. Because of water oxidation, switching potentials over 1.5 

V are problematic at carbon-fiber microelectrodes, so the ability to maximize 

electrochemical signal at lower potentials is useful for analytes with higher potentials.  

Longer plateau times led to more adenosine oxidation and the shape of the peak was 

different for an adsorption controlled adenosine than for diffusion controlled hydrogen 

peroxide.  Overall, the sawhorse waveform is useful for studying analytes which oxidize 

near the switching potential and could be used to further enhance the detection of other 

neurochemicals in vivo.  
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4.4 Conclusions 

 In conclusion, a new waveform was developed for adenosine, hydrogen peroxide 

and ATP detection. The sawhorse waveform allowed a lower switching potential than the 

traditional triangle waveform to be used and produced lower limits of detection. With the 

sawhorse waveform, adenosine has a different shape at the plateau potential and extra 

peaks due to adsorbed products, thus it can be distinguished from dopamine, ATP, and 

hydrogen peroxide. PCA was used to predict concentrations in mixtures and in slices, 

confirming that the sawhorse waveform is better for discriminating adenosine in a 

mixture.  Mechanically stimulated adenosine in the prefrontal cortex was accurately 

predicted as adenosine using the sawhorse waveform in slices. Overall, the sawhorse 

waveform is highly beneficial for analyte differentiation and could be used in the future in 

vivo to provide better selectivity at lower potentials. 
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Chapter 5 

Mechanical stimulation evokes rapid increases in 

adenosine concentration in the prefrontal cortex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Challenges are what make life interesting and overcoming them is what makes life 

meaningful 

~Joshua J. Marine 
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Chapter 5: Mechanical stimulation evokes rapid increases in adenosine 
concentration in the prefrontal cortex 

 
Abstract 

 Mechanical perturbations can release ATP, which is broken down to adenosine.  

In this work, we used carbon-fiber microelectrodes and fast-scan cyclic voltammetry to 

measure mechanically-stimulated adenosine in the brain by lowering the electrode 50 

µm.  Mechanical stimulation evoked adenosine in vivo (average: 3.3 ± 0.6 µM) and in 

brain slices (average: 0.8 ± 0.1 µM) in the prefrontal cortex.  The release was transient, 

lasting 18 ± 2 s. Lowering a 15 µm diameter glass pipette near the carbon-fiber 

microelectrode produced similar results as lowering the actual microelectrode.  However, 

applying a small puff of artificial cerebral spinal fluid was not sufficient to evoke 

adenosine.  Multiple stimulations within a 50 µm region of a slice did not significantly 

change over time or damage cells. Chelating calcium with EDTA or blocking sodium 

channels with tetrodotoxin (TTX) significantly decreased mechanically evoked 

adenosine, signifying that the release is activity-dependent. An alpha-amino-3-hydroxy-

5-methylisoxazole-4-propionate (AMPA) receptor antagonist, 6-cyano-7-nitroquinoxaline-

2,3-dione (CNQX), did not affect mechanically-stimulated adenosine; however, the 

nucleoside triphosphate diphosphohydrolase 1,2 and 3 (NTDPase) inhibitor POM-1 

significantly reduced adenosine so a portion of adenosine is dependent on extracellular 

ATP metabolism. Thus, mechanical perturbations from inserting a probe in the brain 

cause rapid, transient adenosine signaling which might be neuroprotective.  This paper 

was published in the Journal of Neurochemistry (Journal of Neurochemistry. 2014, 

Just Accepted, doi: 10.1111/jnc.12711). 
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5.1 Introduction 

The release of neurotransmitters as a result of a mechanical stimulation, termed 

mechanosensitive release, has been observed throughout the body 1-4. Mechanical 

damage can lead to cell death and be caused by cell stretching 1, swelling 5, shear 

stress 6 or mechanical perturbation 5.  In the brain, mechanosensitive release of 

neurotransmitters has been observed from both neurons 5 and astrocytes 7.  Some 

mechanosensitive release is calcium dependent 1,7 and a result of exocytosis, such as 

mechanosensitive glutamate release detected from astrocytes 7,8.  Other release events 

are not exocytotic, such as the release of ATP through pannexin channels from neurons 

after cell swelling 5. Detection of mechanosensitive release on a rapid time scale has not 

been explored and would be beneficial in understanding the immediate tissue response 

to mechanical manipulations.  

Mechanosensitive release of ATP has been documented in many parts of the 

body including the heart 6, bladder 4,9 and retinal neuronal cells 5.  Mechanosensitive 

ATP release is a response to a normal biological function such as inhalation in the lungs 

3, arterial constriction 6, or bladder distention 9. In the brain, mechanosensitive ATP 

release occurs in response to damage due to swelling, mechanical perturbation, and 

shear stress 5,7. Much of this release is not exocytotic and comes from astrocytes, but 

some may be calcium dependent and come from neurons 3,7. ATP can stimulate P2Y 

receptors in the extracellular space 5,10, but most ATP is quickly broken down to 

adenosine 11,12.  Thus, breakdown of ATP is assumed to be the source of most 

extracellular adenosine during conditions such as brain injury; however, little is known 

about response to minor tissue injuries such as probe implantation.     

 Adenosine is an important signaling molecule in the brain which regulates 

neurotransmission 13,14 and blood flow 15,16. It is also neuroprotective during ischemia 
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13,17,18, stroke 19, and traumatic brain injury 17,20. The neuroprotective effects of adenosine 

are thought to occur primarily through A1 receptors 14,21, which are inhibitory, and 

increases in adenosine have been detected for minutes to hours after ischemia and 

brain injury 22.  However, direct, calcium-dependent release of adenosine was recently 

discovered which occurs on the seconds to minute time scale 11,23. There have been 

reports of rapid adenosine release in response to implantation of electrodes in slices 

from murine spinal lamina 24,25 and deep brain stimulation probes in humans 25, but this 

release has not been well characterized.   

 In this study, we characterized the rapid rise in adenosine concentration after 

mechanical stimulation in the prefrontal cortex of brain slices and in vivo.  A carbon-fiber 

microelectrode was lowered to cause mechanical perturbation to the tissue and 

adenosine measured electrochemically using fast-scan cyclic voltammetry.  Mechanical 

stimulation evoked an increase in adenosine concentration in anesthetized rats and in 

brain slices. Mechanically evoked adenosine was primarily activity-dependent and 

partially the result of downstream breakdown of ATP.  It was not a downstream effect of 

glutamate signaling at alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) 

receptors or released from equilibrative nucleoside transporters (ENTs).  Thus, 

adenosine could provide transient neuromodulation during damage caused by electrode 

implantation. 

 

5. 2 Methods 

5.2.1 Chemicals: 

 All chemicals were from Fisher Scientific (Fair Lawn, NJ, USA) unless otherwise stated.   

Adenosine, ATP¸ and inosine were purchased from Sigma-Aldrich (St. Louis, MO) and 

dissolved in 0.1 M HClO4 for 10 mM stock solutions. Stock solutions were diluted daily in 
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artificial cerebral spinal fluid (aCSF) to calibration concentrations for all brain slice 

experiments. The aCSF was 126 mM NaCl, 2.5 mMKCl, 1.2 mM NaH2PO4, 2.4 mM 

CaCl2 dehydrate, 1.2 mM MgCl2 hexahydrate, 25 mM NaHCO3, 11 mM glucose, and 15 

mM tris (hydroxymethyl) aminomethane, pH 7.4 was used in slices and for calibration of 

electrodes used in slices. Phosphate-buffered saline (PBS) containing 131.25 NaCl mM, 

3.0 KCl mM, 10.0 NaH2PO4 mM, 1.2 MgCl2 mM, 2.0 Na2SO4 mM, and 1.2 CaCl2 mM with 

the pH adjusted to 7.4 was used to calibrate electrodes for in vivo experiments. 

Adenosine was tested at 1.0 µM for brain slice and in vivo experiments. For calcium-free 

experiments, the aCSF solution was made without CaCl2 and 1 mM 

ethylenediaminetetraacetic acid (EDTA) was added. Tetrodotoxin (TTX) purchased from 

Tocris Bioscience (Ellisville,MO), solubilized in 0.2 M citrate buffer (pH 4.8) and frozen 

as 50 μM aliquots that were diluted to 0.5 µM for experiments. A safety protocol for TTX 

use was approved by the Office of Environmental Health and Safety at the University of 

Virginia. The AMPA antagonist, 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),  

nucleoside triphosphate diphosphohydrolase 1,2 and 3 ( NTPDase 1,2 and 3) inhibitor 

(POM-1), and equilibrative nucleoside transporter inhibitor S-(4-Nitrobenzyl)-6-

thioinosine (NBTI) were purchased from Tocris Bioscience (Ellisville, MO). 

 

5.2.2 Electrochemistry: 

Carbon-fiber microelectrodes were fabricated from T-650 carbon-fibers as previously 

described (gift from Cytec Engineering Materials, West Patterson, NJ) 26. Cylinder 

electrodes, 50 µm long and 7 µm in diameter, were used with fast-scan cyclic 

voltammetry. Fast-scan cyclic voltammograms were collected using a ChemClamp 

(Dagan, Minneapolis, MN).  Data was collected using Tarheel CV software (gift of Mark 

Wightman, UNC) using a homebuilt data analysis system and two computer interface 
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boards (National Instruments PCI 6052 and PCI 6711, Austin TX). The electrode was 

scanned from -0.4 V to 1.45 V (vs Ag/AgCl) and back with a scan rate of 400 V/s and a 

repetition rate of 10 Hz.  Electrodes were equilibrated for 30 min in tissue with the 

waveform being applied before measurements taken.    

  

5.2.3 Brain slice preparation/experiments: 

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

University of Virginia. Male Sprague-Dawley rats (250-350 g, Charles River, Wilmington, 

MA) were housed in a vivarium and given food and water ab libitum. Rats were 

anesthetized with isoflurane (1 mL/100 g rat weight) in a desiccator and immediately 

beheaded. The brain was removed within 2 min and placed in 0-5°C aCSF for 2 min for 

recovery.  Four hundred micrometer slices of the prefrontal cortex were prepared using a 

vibratome (LeicaVT1000S, Bannockburn, IL), transferred to oxygenated aCSF (95% 

oxygen, 5% CO2), and recovered for an hour before the experiment.  A pump (Watson-

Marlo 205U, Wilmington, MA) was used to flow 35-37°C aCSF over the brain slice at 2 

mL/min for all experiments.  The electrodes were inserted 75 μm into the tissue. After 

equilibration, 60 sec of baseline data was collected and the brain slice was mechanically 

stimulated by lowering the electrode 50 µm with a micromanipulator. See supplementary 

methods for staining procedure, pharmacology experimental details and picospritzing 

experiment.  

 

5.2.4 Pharmacology experimental details in slices:  

For pharmacology experiments, a pre-drug mechanical stimulation was performed as 

described, the slice was then perfused with either 1 mM EDTA , 0.5 µM TTX, 10 µM 

CNQX, 100 µM POM-1, or 10 µM NBTI in aCSF for 30 minutes. The mechanical 
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stimulation was then repeated. The effect of some of these drugs on electrode sensitivity 

has previously been reported; EDTA decreased sensitivity for adenosine by 3%, NBTI 

decreased sensitivity by 68%, and TTX had no effect 11. CNQX reduced sensitivity by 

40%, NBTI reduced carbon-fiber microelectrode sensitivity by 68%, and POM-1 

decreased sensitivity by 30% (data not shown). All bar graphs represent data corrected 

for drug-induced sensitivity loss. 

 
5.2.5 Picospritzing method: 

 Pressure ejection of aCSF onto brain slices was tested using a Parker Hannifin 

picospritzer (Picospritzer III, Cleveland, OH). A pulled glass pipette was filled with aCSF 

and placed 30 µm from the carbon-fiber microelectrode. The ejection parameters were 

10 psi for 100 milliseconds and 100-200 nL of aCSF was delivered.   

 

5.2.6 Staining Experiment.  

Slices were obtained and a CFME was inserted in the medial region of the prefrontal 

cortex (following coordinates from bregma: AP: 4.20 mm, ML: 0.4 to 0.8 mm, and DV: -

3.4 to -4.0mm). After equilibration, the electrode was lowered 50 µm into the tissue, 

raised back up, and lowered again. Once all of the slices were treated in this manner, 

the slices were washed once with aCSF, then stained at 4 degrees Celsius with 

LIVE/DEAD fixable aqua dead cell stain kit (Life Technologies Invitrogen, Grand Island 

NY) (2uL/mL for 30 minutes) for cells with compromised cell membranes (necrosis) and 

DAPI (Sigma Aldrich, St. Louis MO) (0.5uL/mL for 15 minutes) for nuclear staining. The 

slices were washed twice with cold aCSF and then fixed with 4% paraformaldehyde 

(Sigma Aldrich, St. Louis MO)  in PBS for 15 minutes. The slices were washed twice with 

aCSF, and then mounted into the imaging chamber of a Zeiss 780 NLO multiphoton 

imaging system (Thornwood, NY). Z stacks were acquired up to 100 µm into the tissue 
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at the area of electrode insertion according to the coordinates. An additional Z stack was 

obtained at a control region in which no electrode had been inserted. Cell death was 

calculated by dividing the number of cells with compromised cell membranes (bright 

LIVE/DEAD staining) by the total number of cells (DAPI staining) using ImageJ64.  

5.2.7 Enzyme biosensors:   

Enzymatic biosensors for adenosine (SBS-ADO-20-50), ATP (SBS-ATP-20-50) and 

inosine (SBS-INO-20-50) were purchased from Sarissa Biomedical Ltd (Coventry, UK) 

and were prepared and conditioned as recommended by the manufacturer. These 

sensors have been previously characterized 27,28. Inosine sensors lack adenosine 

deaminase which is crucial for adenosine detection and were therefore used as a null 

sensor in a separate set of experiments. Enzyme sensor data was collected using an 

Axon Axopatch 200B (Molecular Devices, Sunnyvale, CA) and data was collected and 

analyzed from a homebuilt data analysis system written for amperometry. The sensors 

were held at 500 mV and the collection frequency was 60 Hz for all measurements. 

Biosensors were calibrated based on guidelines by Sarissa prior to and after use in brain 

slices.  Adenosine biosensors had a decrease in sensitivity of 57 ± 7 % (n=11) after 

implantation in brain slices, whereas carbon-fiber microelectrodes had a decrease of 40 

± 7 % (n=5) in sensitivity.  On days where ATP sensors were used, 2mM glycerol was 

added to the aCSF as recommended by the manufacturer. Biosensors were tested for 

cross-sensitivity with other analytes and the results were found to be negligible. 

Electrodes were lowered in buffer to verify that movement did not elicit a significant 

current. Adenosine, ATP, and inosine enzyme sensors were calibrated at 1.0, 5.0, and 

10 µM before and after slice experiments.  For slice experiments, gravity flow was used 

due to noise from the pump and the experiments were performed in exactly the same 

manner for adenosine, ATP, and inosine biosensors as the carbon-fiber microelectrodes.  
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5.2.8 In vivo experiments: 

 Male Sprague-Dawley rats (250-350 g, Charles River, Willmington, MA) were 

anesthetized with 50% wt urethane in saline solution (1.5 g/kg, i.p).  Bupivicaine (0.25 

mL, s.c., APP Pharmaceuticals, LLC; Schaumburg, IL, USA) was administered for local 

analgesia.  The rat’s temperature was maintained at 37°C using a heating pad with a 

thermistor probe (FHC, Bowdoin, ME, USA).  The working electrode was implanted in 

the prefrontal cortex: coordinates in mm from bregma: anterior-posterior (AP): +2.7, 

mediolateral (ML): +0.8, and dorsoventral (DV): -3.0 29.  A Ag/AgCl reference electrode 

was inserted on the contralateral side of the brain. The electrode was lowered 100 µm to 

stimulate mechanosensitive release every 30 minutes for 2 hours.    

 

5.2.9 Statistics: 

 All values are reported as the mean ± standard error of the mean (SEM). Paired t-test 

were performed to compare data before and after drugs in the same slices. All statistics 

were performed in GraphPad Prism (GraphPad Software, Inc., La Jolla, CA) and 

considered significant at the 95% confidence level (p<0.05). A one-way ANOVA with 

Bonferroni post tests was performed to compare consecutive mechanical stimulations in 

vivo and across stimulations for both CFME and glass pipettes. A two-way ANOVA was 

used to compare the two stimulation techniques.  

 

5.3 Results  

5.3.1 Mechanically-stimulated adenosine in brain slices and in vivo:  

 Fast-scan cyclic voltammetry was used to electrochemically detect adenosine in 

brain slices. A large background current is obtained because of the fast scan rate, but it 

is removed with background subtraction 30. However, basal levels cannot be measured 
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and the technique instead measures fast changes in concentration.  The mechanical 

stimulation in this study was lowering the carbon-fiber microelectrode 50 µm in the 

prefrontal cortex of a brain slice. Electrically-stimulated adenosine release has been 

found to be ATP dependent in the prefrontal cortex 31, and thus this region has the 

capability for evoked adenosine release.  Adenosine was observed immediately 

following carbon-fiber microelectrode movement 100% of the time (n=25 slices, 39 

mechanical stimulations).   

Fig. 5.1A shows a color plot of adenosine release after mechanical stimulation 

(red arrow) in a brain slice.  Applied voltage is on the y-axis, time is on the x-axis, and 

the green and purple colors represent oxidative current, which is proportional to 

concentration. Before the electrode was lowered, a background signal was obtained, 

denoted by the tan color representing no current change. The primary oxidation peak for 

adenosine occurs immediately after the mechanical stimulation at approximately 1.4 V 

and the secondary peak occurs at 1.1 V (denoted by the black arrows in Fig. 5.1A and 

B). The peak positions and shape of the cyclic voltammogram (CV) are characteristic of 

two, two-electron oxidations for adenosine 32,33. The third peak observed at 0.1 V could 

be the third oxidation peak for adenosine, but that peak is not often observed at our 

carbon-fiber microelectrodes 32. That peak and the blue (negative) currents on the 

bottom of the color plot are likely due to other chemical and ionic changes that occur 

with mechanical stimulation. The current after adenosine is released often goes below 

baseline due to ionic changes 31. A current vs. time trace at the main oxidation potential 

for adenosine shows a rapid increase in current immediately following the mechanical 

stimulation of the electrode.  In Fig. 5.1A, the signal lasts about 10 seconds and the 

peak current corresponds to 0.77 µM adenosine.   
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Figure 5.1: Adenosine after mechanical stimulation.  The stimulation was quickly 
lowering a carbon-fiber microelectrode 50 µm in a prefrontal cortex slice (Panel A) or 
100 µm in the prefrontal cortex of an anesthetized rat (Panel B) (red arrow denotes when 
electrode was lowered). A color plot with voltage on the y-axis, time on the x-axis and 
current in false color is shown. Adenosine occurs immediately after mechanical 
stimulation and is the green/purple region in the middle of the plot. Plots of the change in 
concentration for adenosine over time, located above the color plots, show that the 
adenosine signal lasted approximately 10 seconds with a peak concentration of 0.77 µM 
for slices (A) and lasted 80 s with a maximal concentration of 2.4 µM in vivo (B). The 
cyclic voltammograms have the typical primary and secondary adenosine oxidation 
peaks which confirm adenosine was detected. 
 

 Mechanosensitive release has most often been attributed to ATP, which can then 

break down to form adenosine 3,4.  ATP and adenosine have similar cyclic 

voltammograms because the adenine group is electroactive in both; however, sensitivity 

for ATP at carbon-fiber microelectrodes is 3-6 fold less than for adenosine 34. To confirm 

our sensors were measuring adenosine, mechanically-evoked release was measured 

with selective biosensors for adenosine, ATP, and inosine biosensors in brain slices 27.   

Inosine sensors lack adenosine deaminase, the first enzyme in the cascade that breaks 

adenosine down to inosine 27, and are used as a null sensor to ensure other compounds 

are not causing a false signal at the adenosine biosensor. While the sensitivity for the 
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biosensors (adenosine sensitivity: 0.8 nA/µM, ATP: 0.25 nA/ µM, inosine: 0.7 nA/ µM) 

was not as good as with the carbon-fiber microelectrodes on our system, adenosine 

release was observed 50% of the time with mechanical stimulation (n =5  slices, 10 

mechanical stimulations, Figure 5.2 and Table 5.1). However, no changes were 

observed at ATP or inosine biosensors.  Thus, the signal detected at carbon-fiber 

microelectrodes is likely to be adenosine.  These data did not rule out ATP metabolism 

as a source of adenosine because ATP can breakdown to adenosine within 200 ms 35 

and the response time of the ATP biosensors are on the magnitude of seconds 36.  Thus, 

if ATP is rapidly metabolized to adenosine, then the biosensor is unlikely to detect much 

ATP.  

  
 
 
 
 

Figure 5.2: Enzyme biosensor 
measurements of mechanosensitive release.  
A.) Adenosine, B.) ATP, and C.) inosine 
enzyme biosensors were lowered 50 µm in 
prefrontal cortex slices.  The arrow marks 
when the electrode was lowered.  A. With the 
adenosine sensor, an increase in current was 
observed that lasts 6 seconds and corresponds 
to a peak concentration of 0.5 µM.   B.) With 
the ATP sensor or C.) with the inosine sensor 
there was no increase in current for any slices 
tested (n=5 slices, 10 total mechanical 
stimulations). The inosine sensor served as a 
null sensor to ensure other compounds were 
not causing a false signal at the biosensor.  
The scale bar is the same for all panels. 
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Table 5.1: Mechanically evoked adenosine  

 
Concentration 

(µM) 
Concentration 
Range (µM) 

Duration Duration 
Range 

Percentage 
of slices  
detected 

CFME in vivo 
n=5 

3.3 ± 0.6  0.3-10  42 ± 5 s 11-110 s  100 % 

CFME in slices 
n=25 

0.8 ± 0.1  0.1-3.3   18 ± 2 s 2-46 s  100 %  

Adenosine 
Sensor in 
slices n=5 

0.6 ± 0.03 0.4-0.8   10 ± 2 s 1.8-20 s  50 %  

*All values are ± SEM 

 

 Mechanically-evoked adenosine was also observed in vivo in the prefrontal 

cortex of anesthetized rats. Fig. 5.1B shows an example of mechanically-evoked 

adenosine in vivo after the electrode is lowered 100 µm.  The peak current corresponds 

to 2.4 µM adenosine and the duration is approximately 80 s.  Average results for carbon-

fiber microelectrodes in slices and in vivo are summarized in Table 5.1. The 

concentration and duration of adenosine release is on average much larger in vivo 

compared to brain slices.  

 Fig. 5.3A shows an example current versus time trace of consecutive mechanical 

stimulations every 30 minutes in vivo. The traces are similar, although there is variation 

that could be due to different areas of tissue being stimulated.  The normalized current 

versus time trace in the inset shows that the temporal profile of adenosine is relatively 

stable. Fig. 5.3B shows the average concentration for each successive mechanical 

stimulation as well as the average for all stimulations (blue bar).  There was no 

significant effect of stimulation number on the concentration of adenosine evoked (n = 5 

rats, p = 0.6781, repeated measures one way ANOVA) or duration (Fig. 5.3C, n = 5 rats, 

p = 0.6224, repeated measures one way ANOVA).  Thus, the concentration and duration 

of adenosine signaling is constant for multiple mechanical stimulations.   
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 Figure 5.3: Four consecutive stimulations in vivo.  
In the prefrontal cortex of an anesthetized rat, 4 
consecutive mechanical stimulations were performed 
every 30 minutes for 2 hours. A) Example current 
versus time traces are shown for four consecutive 
mechanical stimulations.  There is no pattern of 
release decreasing over time.  A) normalized current 
versus time plot in the inset demonstrates that the 
temporal profile of the release is not changing. B) 
Average concentration of adenosine for each 
stimulation was not significantly different (n = 5 rats, p 
= 0.6781, repeated measures one way ANOVA). The 
last (solid) bar shows the average for all 4 
stimulations.  C) The duration of adenosine signaling 
was also not significantly affected by the number of 
the stimulation (n = 5 rats, p = 0.6224, repeated 
measures one way ANOVA).  The last (solid) bar is 
the average for all 4 stimulations. 
 

 

 

5.3.2 Evaluation of other methods for mechanical stimulation: 

 Next, we examined the extent to which other mechanical stimulations evoked 

adenosine.  An empty, pulled glass pipette approximately 15 µm in diameter was 

lowered 50 µm into the slice near the electrode. A similar increase in adenosine was 

detected at the carbon-fiber microelectrode when either the carbon-fiber microelectrode 

itself or a pipette near it was moved (Fig. 5.4A and 5.4B). Repeated mechanical 

stimulations were also tested. The electrode or glass pipette was lowered 50 µm, moved 

back up 50 µm, and finally lowered again 50 µm, with 10 min intervals between 

stimulations for recovery.  Figure 5.4A and 5.4B show cyclic voltammograms for both the 

carbon-fiber microelectrode and glass pipette stimulations, respectively. The cyclic 

voltammograms for adenosine were similar for all stimulations, which were performed in 
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the same area of tissue. The magnitude of adenosine measured by repeated 

stimulations within each technique was not statistically different (repeated measures 

one-way ANOVA, F=0.3522, p=0.7882, n=5). Carbon-fiber microelectrodes and glass 

pipettes were also compared and there was no main effect of stimulation technique 

(repeated measures two-way ANOVA , F(1,7)=0.2229, p=0.6512) or stimulation number 

(F(1,7)=5.046, p=0.0595), and no interaction (F(1,7)=0.1402, p=0.7192). Thus, 

mechanically-evoked adenosine can occur by both physically lowering the working 

electrode or by moving something comparable in size nearby. 

 Local tissue damage associated with multiple electrode stimulations was 

characterized by staining for dead cells and was analyzed using multiphoton 

microscopy. A LIVE/DEAD stain was used to analyze cells with compromised cell 

membranes (necrosis) and a counter-stain, 4',6-diamidino-2-phenylindole (DAPI), 

stained for all nuclei.  The first 50 µm of the slice tissue was found to be highly damaged, 

which is expected in slice experiments. A multiphoton Z-stack through the initial dead 

segment and into the underlying healthy tissue at the point of electrode insertion did not 

reveal a clear path for electrode insertion. There was no noticeable hole in the tissue 

and no track of cell death (Fig.5.4D and 5.4E), indicating that the electrode did not 

disrupt the cell membranes of the cells as it moved up and down through the tissue. 

Figure 5.4D shows all nuclei stained with DAPI colored blue and dead cells colored red. 

The percentage of dead cells was counted and compared in the region of electrode 

implantation and a control region (Fig. 5.4E) and there was no significant difference 

between these two regions (paired t-test, p=0.9096, n=4). This is consistent with 

previous work indicating that FSCV probe insertion does not significantly damage the 

tissue 37,38. 
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 Figure 5.4: Adenosine is 
mechanically evoked either by both 
lowering the working electrode or a 
glass pipette close to the working 
electrode. Multiple electrode 
stimulations did not cause significant 
cell death. Adenosine can be 
mechanically stimulated by A) moving 
the carbon-fiber microelectrode and B) 
moving a 15 µm-diameter glass 
pipette. Repeated stimulations were 
tested by moving the carbon-fiber 
microelectrode (A) or the glass pipette 
(B) 50 µm down into the tissue, 50 µm 
back up, and 50 µm back down. Ten 
minutes of recovery time was given 
between each move.  C) The bar 
graph compares the second (up) and 
third (down) stimulation for both 
techniques. Data is graphed as a 
percentage of first stimulation and 
there are no significant differences 
between the two techniques (repeated 
measures two-way ANOVA, F(1,7)=0.2229, p=0.6512) or stimulation number 
(F(1,7)=5.046, p=0.0595) and no interaction (F(1,7=0.1402, p=0.7192). Repeated 
adenosine measurements within each technique are not statistically different (repeated 
measures one-way ANOVA, F=0.3522, p=0.7882, n=5). D) Cell imaging of the insertion 
site where there was multiple electrode stimulations reveals no obvious significant cell 
death. Blue represents DAPI staining, showing all nuclei. Red represents dead cells 
stained with a LIVE/DEAD cell assay and scale bar represents 50 µm. E) There was no 
significant difference in dead cell percentage between a control region (no electode 
insertion) and the electrode insertion site (paired t-test, p=0.9061, n=4).   
 

 Mechanical stimulation of adenosine was not observed by pressure ejecting 

aCSF into the slice close to the electrode. A glass pipette was implanted, the tissue 

allowed to recover, and then a picospritzer was used to deliver 100-200 nL volumes of 

aCSF to the brain slice tissue 30 µm away from the carbon-fiber microelectrode. Low 

pressures were used to avoid significant tissue damage and the parameters chosen are 

similar to those used for pressure ejection studies of transport in the literature 39. Figure 

5.5A shows the concentration over time profile for a mechanical stimulation by lowering 

the electrode and by pressure ejecting aCSF in the same slice.  An increase in 

adenosine concentration occurred immediately following the electrode lowering; 
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however, no adenosine changes were observed with aCSF injection.  A slight decrease 

in current was observed followed by a slow return to baseline after aCSF puffing, likely 

due to a disturbance of the background current by the fluid movement.  The cyclic 

voltammograms (Fig. 5.5B) confirm no adenosine was detected for aCSF application 

and adenosine was not observed after aCSF application in any slice (n=3).  

 

 Figure 5.5: Adenosine is not mechanically evoked 
by small amounts of pressure ejected aCSF. 
Mechanically evoked adenosine by carbon-fiber 
microelectrode insertion was compared to pressure 
ejecting 100-200 nL volumes of aCSF 30 µm from the 
electrode in the same slice. A) Concentration versus 
time profile shows an increase in current when the 
carbon-fiber microelectrode was lowered and only a 
shift in current was detected after puffing on aCSF. B) 
Cyclic voltammograms show an adenosine CV for 
mechanical stimulation with the electrode by no 
identifiable adenosine with pressure ejection of aCSF.  
 

5.3.3 Mechanism of mechanically-evoked adenosine: 

 Electrically-stimulated adenosine release is activity-dependent in brain slices 11,40. 

Thus, we tested whether mechanically-evoked adenosine is activity-dependent by 

bathing the brain slices in calcium-free aCSF with 1 mM EDTA for 30 minutes. To 

prevent action potentials, 0.5 µM TTX was applied for 30 minutes in separate 

experiments. In each of these experiments, a baseline of mechanically evoked 

adenosine was collected, then drug was applied and 30 min later, the electrode was 

lowered a second time (see Fig. 5.7 for all concentration versus time plots). Control data 

show that mechanical stimulations 30 minutes apart have the same signal when drugs 

are not applied (Fig. 5.6A and 5E, n = 5, p = 0.1507, paired t-test). Fig. 5.6B and 5.6C 

show adenosine cyclic voltammograms from mechanical stimulation before and after 

perfusion with EDTA and TTX, respectively. EDTA significantly reduced the amount of 
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adenosine released by 93% (Fig. 5.6E, n = 6, p = 0.0482, paired t-test) whereas TTX 

significantly reduced the signal by 61% (Fig. 5.6E, n = 3, p = 0.0337, paired t-test).  

These reductions in adenosine release demonstrate mechanically evoked adenosine is 

mostly calcium dependent and activity dependent.  

 Figure 5.6: Mechanically evoked 
adenosine is activity dependent but is 
not released by equilibrative nucleoside 
transporters. A predrug mechanical 
stimulation was performed using a 
carbon-fiber microelectrode and then 
slices were perfused with drug and a 
second mechanical stimulation was 
performed 30 min later.  Release was 
compared pre and post drug in the same 
animals using paired t tests.  A) Control 
data.  Cyclic voltammograms for 
mechanically-evoked adenosine are 
similar for two consecutive mechanical 
stimulations when the slice was perfused 
with aCSF.  B) Cyclic voltammograms of 
adenosine show a large decrease in 
current after perfusion with 1 mM EDTA. 
C) Cyclic voltammograms of adenosine 
show a large reduction in mechanically-
stimulated adenosine after perfusion with 
0.5 µM TTX.  D) There was no change in 
the adenosine cyclic voltammograms 
after 10 µM NBTI, an nucleoside 
transport inhibitor. The data were 
corrected for a 68% decrease in 

electrode sensitivity after NBTI. E.) The bar graph shows average mechanically-evoked 
release after drug as a % of the initial stimulation.  Thus, no change would 100 %.  
Statistics were performed using paired t-tests comparing the release for pre- and post-
drug stimulation.  EDTA (n = 6, p = 0.0482) and TTX (n = 3, p = 0.0337) significantly 
decreased mechanically-stimulated adenosine release while there was no effect of NBTI 
(n = 5, p = 0.1507).   
  

 Figure 5.6D shows that blocking equilibrative nucleoside transporters with 10 µM 

NBTI did not significantly change the amount of adenosine released compared to the 

predrug signal (Fig. 5.6E, n=9, p=0.1675, paired t-test). However, perfusion with NBTI 

did increase duration of signal (see Figure 5.8) so transport into the cell was blocked. 
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Activity dependent adenosine release was not facilitated through equilibrative nucleoside 

transporters. 

 

Figure 5.7: Concentration versus time profiles for EDTA, TTX, CNQX, and 
POM-1. Each graph shows concentration over time before and after 30 minute drug 
perfusion. A) Concentration goes close to baseline after 1 mM EDTA perfusion and is 
significantly less at B) 0.5 uM TTX and D) POM-1. C) CNQX does not significantly 
change the concentration of adenosine detected.  

 

 
Figure 5.8: Current versus time plots comparing clearance kinetics before and 

after the transport inhibitor, NBTI, perfusion. Black trace represents the predrug 
current versus time profile for a mechanical stimulation in the prefrontal cortex. The 
green trace represents the current over time profile for a mechanical stimulation after 30 
minutes of 10 µM NBTI perfusion. From the equation, the rate constant of the decay, k, 
was extracted. The rate constant for the predrug trace was much larger than the NBTI 
trace indicating a much faster decay rate. Comparison of all decay rates before and after 
NBTI showed a significant decrease in uptake rate (n=9, paired t-test, p=0.0323). 

 
 

 Next, the dependence of mechanically-evoked adenosine on glutamate or ATP 

was tested. Activity dependent adenosine release has been proposed to be AMPA 



R o s s | 142 

 

receptor dependent in the cerebellum 41 and glutamate has been shown to be 

mechanically released from astrocytes 8. To test for AMPA receptor dependence, the 

antagonist CNQX was used. Fig. 5.9A shows a cyclic voltammogram of mechanically 

evoked adenosine before and after perfusion with 10 µM CNQX. Mechanically evoked 

adenosine after CNQX increased by 20%, but it was not significantly different from the 

predrug stimulation (Fig. 5.9C, n = 5, p=0.2935). To test for dependence on ATP 

release, a recombinant NTPDase 1, 2 and 3 inhibitor, POM-1, was used 42.  Fig. 5.9B 

shows mechanically evoked adenosine decreased after 100 µM of POM-1 was perfused 

and on average significantly reduced mechanically evoked adenosine by 62% (Fig. 

5.9C, n = 6, p=0.0098). POM-1 did not completely block all of the adenosine detected so 

other mechanisms of adenosine accumulation could also contribute to the signal. Less 

sensitive ATP metabolism inhibitors, ARL 67156 and AOPCP 42, were also used but they 

did not significantly reduce the amount of adenosine detected (data not shown). Overall, 

our data show mechanically evoked adenosine is not caused by glutamate acting at 

AMPA receptors but a portion is due to extracellular ATP breakdown.   
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Figure 5.9: Mechanically 
evoked adenosine is not 
dependent on AMPA 
receptors but is a 
downstream effect of ATP 
metabolism. A predrug 
mechanical stimulation was 
performed using a carbon-
fiber microelectrode and 
then slices were perfused 
with drug and a second 
mechanical stimulation was 
performed 30 min later.  
Release was compared pre 
and post drug in the same 
animals using paired t tests. 
A) Cyclic voltammograms of 
adenosine show no change 
in current after 10 µM 
CNQX, an AMPA 
antagonist.  The data were 
correct for a 40 % decrease 
in electrode sensitivity after 

CNQX. B) Cyclic voltammograms (corrected for 30 % decrease in sensitivity) show that 
perfusion with 100 µM POM-1 does change mechanically-stimulated adenosine.  C.) Bar 
graph shows the average data as a % of the initial, pre-drug stimulation. The statistics 
are paired t-tests that compare the pre-drug and post-drug mechanically evoked 
adenosine in the same slice. There is a significant effect of POM-1 (n=6, p = 0.0098) but 
no significant effect of CNQX (n = 5, p = 0.2935).   
 

5.4 Discussion  

 Mechanosensitive release of purines due to physical perturbation of cells has 

been mostly attributed to ATP release, which slowly builds up over time 2-4. In this study, 

we demonstrate that in the prefrontal cortex, mechanical stimulation elicits a rapid, 

transient release of ATP which is immediately metabolized to adenosine.  In brain slices, 

peak adenosine release was on average 0.8 ± 0.1 µM and lasted 18 ± 2 s. Mechanically-

evoked adenosine was activity-dependent but was not dependent on equilibrative 

nucleoside transporters or a downstream effect of AMPA receptors.  Pharmacologically 

blocking ATP metabolism demonstrated that mechanically evoked adenosine was 

largely a downstream effect of ATP release. This implies a large releasable pool of ATP 
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that breaks down quickly to adenosine.  These studies provide new insight that ATP is 

released and rapidly metabolized to adenosine in the extracellular after electrode 

implantation and that adenosine could act as a signaling molecule during tissue damage.    

5.4.1 Mechanically evoked adenosine occurs via different methods: 

 In this experiment, we primarily mechanically stimulated the tissue by lowering 

the working electrode 50-100 µm in tissue.  This method of stimulation would be relevant 

to any type of probe implantation, for example electrochemical, electrophysiological, or 

deep brain stimulation (DBS) probes.  Because lowering the carbon-fiber microelectrode 

could change the background current, the response was compared to lowering a glass 

pipette of similar size near the stationary microelectrode.  The evoked adenosine was 

similar for both techniques and thus the signal is not an artifact of moving the electrode.  

However, simply puffing on small amounts of aCSF, close to the electrode did not evoke 

any adenosine response. The aCSF puff might slightly move cells, but did not cause 

sufficient damage to elicit adenosine release.     

 Traditional mechanical perturbation techniques, including cell swelling 5, cell 

stretching 3, and shear stress 2,4, are modeled after normal biological functions. Our 

study does not directly mimic one of these processes, but an interesting phenomenon 

was observed in the experiments where the electrode or glass pipette was lowered and 

raised multiple times.  The adenosine increase after pulling the pipette up was slightly 

larger than for lowering it down.  While this phenomenon would need to be characterized 

much further, it suggests some cell stretching may be a cause of adenosine increase 

when raising the electrode.  These experiments also show that the tissue is not dying, as 

the same response can be measured repeatedly, and staining reveals no significant 

increase in local cell death after multiple electrode stimulations.  Thus, the electrode 

insertion is not causing a significant amount of permanent tissue damage, in line with 
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previous reports of minimal tissue damage associated with carbon-fiber microelectrode 

insertion in vivo 37,38.  

An adenosine response to probe implantation has been suggested in the past but 

never fully characterized.  Tawfik et al. discovered that adenosine was elevated 

immediately after electrode implantation, preceding the microthalamotomy effect in the 

ferret thalamus 43. The microthalamotomy effect is observed in essential tremor and 

Parkinson’s disease patients and refers to the immediate relief from tremors following 

electrode implantation during DBS procedures 25. Chang et al. implanted a DBS probe 

into 7 human patients and also saw the microthalamotomy effect along with release of 

adenosine in all patients 25.  Future studies could probe whether adenosine is a cause or 

effect of the microthalamotomy effect during implantation in DBS.  Elevated levels of 

adenosine were also discovered during and after acupuncture in the tibialis anterior 

muscle close to the knee 44. While this study was outside the central nervous system 

and used bigger needles, adenosine was detected and quantified on the 10-30 min. time 

scale using microdialysis coupled to HPLC.  Thus, other forms of probe implantation 

cause increases in adenosine, which may be similar or complementary to the transient 

adenosine release observed in this study.    

5.4.2 Mechanical stimulation evokes large, transient adenosine changes: 

 Mechanically-stimulated adenosine varied widely in both slices and in vivo. The 

concentration of adenosine detected in slices ranged from 0.1 µM to 3.3 µM and in vivo 

from 0.3 to 10 µM. Larger amounts of adenosine were released in vivo but the 

stimulation was 100 µm compared to 50 µm in slices, which would result in more cells 

being stimulated. The activity dependent nature of release suggests that intact circuits in 

vivo may also facilitate larger amounts of release.  The large range is not surprising 

because the density of adenosine releasing cells around the electrode could vary based 
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on electrode location. Also, speed of insertion was not tightly controlled which could 

cause varying tissue responses. The average amount of adenosine released by 

mechanical stimulation was higher than previously detected with electrical stimulation 11; 

thus, tissue perturbation causes higher amounts of release than electrical stimulation.    

 The duration of adenosine release varied from 2 s to 110 s in brain slices and in 

vivo.  The duration was correlated with the concentration, as larger amounts of 

adenosine lasted longer because more time was needed to clear the adenosine from the 

extracellular space. Mechanically-evoked adenosine signaling is fast compared to other 

studies that measure mechanically-evoked ATP release 3. Mechanosensitive ATP 

release is usually detected using luciferin-luciferase assay techniques 2, which allow 

measurements to be taken only every 30 s. The duration of the adenosine response is 

similar to electrically evoked adenosine signaling that has been shown in multiple brain 

regions 11,31,41. Mechanical evoked release is easier than electrical stimulation and could 

be used to study the function of transient adenosine signaling, including any 

neuroprotective effects.   

5.4.3 Mechanism and function of mechanically evoked adenosine release: 

 Mechanically evoked adenosine in the prefrontal cortex is primarily activity 

dependent.  Chelating calcium with EDTA or preventing action potentials with TTX 

blocked most of the adenosine detected. Activity-dependent adenosine release was 

completely blocked by TTX in other regions 23,45 while mechanically-stimulated release in 

the prefrontal cortex was reduced by 65%; therefore, there may be a portion that is not 

activity dependent.  Calcium chelators were more effective in blocking release, reducing 

it by over 90%, indicating most of the release is calcium dependent.  Adenosine can also 

be released via equilibrative nucleoside transporters (ENTs) 45,46; however, inhibiting 

equilibrative nucleoside transporters with NBTI did not significantly change 
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mechanically-evoked adenosine, ruling this mechanism out.  Activity-dependent release 

of ATP, which breaks down to adenosine, was also explored.   Blocking ATP metabolism 

with POM-1 significantly reduced the amount of adenosine detected.  However, as with 

TTX, POM-1 did not completely block all adenosine; so while ATP metabolism 

contributes to the signal, some adenosine may be formed by another mechanism. 

Stimulated adenosine release can also be a downstream action of glutamate acting at 

ionotropic receptors 11,41,47. Blocking AMPA receptors with CNQX had no effect on 

mechanically-stimulated adenosine release, so this release was not AMPA receptor 

dependent.  Future studies could examine the effect of other glutamate receptors such 

as NMDA receptors, which could also regulate adenosine release 45, as well as other 

neurotransmitters to examine if adenosine is a downstream effect of other receptor 

activation.   Our studies show that mechanically-evoked adenosine release in the 

prefrontal cortex is primarily activity-dependent and mostly due to downstream 

breakdown ATP.   This is in contrast to measurements of slower adenosine build up 

during seizures that suggest that release from ENTs is the primary mechanism and not 

breakdown of ATP 46.  Thus, the mechanism of transient release may be different than 

other forms of adenosine signaling.   

  This work demonstrates that a local mechanical stimulation causes an elevation 

of adenosine concentration for less than a minute; thus transiently activating adenosine 

receptors. The function of rapid adenosine signaling after probe implantation remains 

unknown; however, adenosine signaling resulting from various forms of damage has 

been well documented in the literature 48-50. In particular, activation of A1 receptors is 

inhibitory, which could dampen neurotransmission that causes excitotoxicity in the brain 

51. Adenosine could also stimulate blood flow after probe implantation, which would 

deliver nutrients for tissue repair.  The immediate nature of the response allows for rapid 

activation of the pathway, but the fast duration would not allow long-term depression of 
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neuronal activity.  Further investigations of downstream effects of rapid adenosine 

signaling after mechanical stimulation as well as interactions of adenosine with other 

signaling molecules that are released would be interesting to better understand the 

function of adenosine as a rapid modulator in the brain.   

 

5.5 Conclusion 

 Mechanically evoked adenosine was observed immediately following mechanical 

stimulations in the prefrontal cortex in both brain slices and in vivo.  Adenosine could be 

evoked by moving the microelectrode or a glass pipette implanted near the 

microelectrode and stimulations could be repeated, indicating the tissue was not dying.  

Pharmacological studies confirm most of the adenosine detected is an extracellular 

breakdown product of ATP.  Mechanically evoked adenosine was calcium dependent 

and activity-dependent but was not dependent on AMPA receptors.  The study shows 

that implantation of a probe into brain tissue causes a transient adenosine response 

which could be neuroprotective.  
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Chapter 6  

Adenosine transiently modulates stimulated dopamine 

release in the caudate putamen via A1 receptors  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A person who never made a mistake never tried anything new 

~Albert Einstein 
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Chapter 6: Adenosine transiently modulates stimulated dopamine release in the 
caudate putamen via A1 receptors  

Abstract 

 Adenosine is an important neuromodulator and neuroprotector in the brain.  

Adenosine has been shown to modulate neurotransmitter release such as dopamine in 

the brain via A1 and A2A  receptors, but that modulation has only been characterized on a 

slow time scale.  Recent evidence points to a rapid signaling mode of adenosine, lasting 

only seconds, that suggests it may have a rapid modulatory role as well.  Here, fast-scan 

cyclic voltammetry was used to characterize the extent to which transient adenosine 

changes modulate stimulated dopamine release (5 pulses at 60 Hz) in rat brain slices of 

the caudate putamen. Exogenous adenosine was applied for 50-100 ms (2.5-5.0 pmol) 

and the effect of the time interval between adenosine application and dopamine 

stimulation tested by monitoring the stimulated dopamine concentration.  Adenosine only 

modulated dopamine when it was applied 2 or 5 s before stimulation.  Longer time 

intervals and bath application of adenosine did not decrease dopamine release.  

Mechanical stimulation of endogenous adenosine release also decreased stimulated 

dopamine release by 37 ± 3 %, compared to 54 ± 6 % for the exogenous application and 

dopamine inhibition was fully recovered within 10 minutes. The A1 receptor antagonist, 

DPCPX, blocked the modulation of dopamine release; whereas dopamine modulation 

was unaffected by the A2A receptor antagonist, SCH 442416. Thus, transient adenosine 

changes can transiently modulate phasic dopamine release via A1 receptors.  These 

data demonstrate that adenosine can have a rapid but transient modulatory role in the 

brain.     
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6.1 Introduction 

 Adenosine is a neuromodulator which has been shown to modulate two very 

important processes in the brain: cell metabolism 1,2 and neurotransmission 3-6. 

Adenosine modulation has been well characterized in the literature 7; however, rapid 

changes in adenosine were more recently discovered and the function of rapid release is 

still relatively unknown. Electrochemical techniques such as amperometric biosensors 

and fast-scan cyclic voltammetry (FSCV) have shown that adenosine can be released 

and cleared on fast time scales, from a few seconds to a minute  8-10. Traditionally, these 

methods relied on either electrical stimulation or chemical stimulation of adenosine to 

evoke a rapid response; however, Street et al. discovered rapid adenosine transients in 

spinal cord slices using FSCV, which did not require a stimulus 11. Nguyen et al. 

detected spontaneous transient adenosine release both in the prefrontal cortex and in 

the caudate putamen of an anesthetized rat and found that spontaneous adenosine 

events occur every 2-3 minutes on average 12. Adenosine release lasted just a few 

seconds and this proves that there is a rapid mode of signaling for adenosine in multiple 

brain regions.  However, the mechanism of how transient changes in adenosine 

modulate neurotransmitter release was not explored.  

 Slower time resolution measurements of adenosine have revealed that it can 

modulate many neurotransmitters 13,14. Microdialysis coupled to HPLC has provided 

information on adenosine modulation of basal levels of dopamine, serotonin, glutamate, 

and GABA 3-6,15. With this technique, adenosine was shown to modulate 

neurotransmission, and the mechanisms were primarily regulated by the A1 and A2A 

receptors. A1 is the most abundant receptor in the brain and inhibits neurotransmission 

by blocking adenylyl cyclase activity and A2A is the second most abundant adenosine 

receptor in the brain and has an excitatory effect, activating adenylyl cyclase activity 7. 
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Specifically, adenosine has been shown to modulate basal dopamine levels in the 

caudate putamen 6 and the nucleus accumbens 5 by the A1 and A2A receptors; however, 

changes in basal levels were not recorded until greater than 20 minutes. Interactions 

between the A1 and A2A receptor have been shown to regulate dopamine release and 

these interactions are dependent on glutamate NMDA receptor activation in the nucleus 

accumbens 5. In other studies, the inhibitory effects of the A1 receptor was shown to 

overpower the excitatory effects of A2A receptor activation, and consequently A2A 

receptor drug effects were masked in the presence of activated A1 receptors 6; however, 

the measurements were taken at 20 minute intervals. Rapid modulation of dopamine by 

adenosine, on the second time scale, has not been investigated.  

  In this study, we use FSCV to measure adenosine modulation of dopamine 

release in the caudate putamen. Adenosine was exogenously applied to slices of 

the caudate putamen to mimic adenosine transients and the effect of these 

transients on stimulated dopamine release measured. Adenosine temporarily 

inhibits dopamine release by about 50 % if it is applied 2-5 s before the stimulation. 

Perfusing the slice with 5 µM adenosine for 30 minutes did not affect stimulated 

dopamine release, which suggests that transient changes in adenosine were 

responsible for the rapid dopamine modulation. Mechanically evoked adenosine also 

transiently inhibited dopamine release. Blocking the A1 receptors by 8-Cyclopentyl-

1,3-dipropylxanthine (DPCPX) blocked the modulatory effects of transient 

adenosine, resulting in no change in stimulated dopamine release; however, 

blocking A2A receptors with SCH 442416 had no effect.  Thus, transient changes in 

adenosine causes temporary inhibition of dopamine release in the caudate putamen 

via A1 receptors, proving that adenosine can modulate on a rapid time scale.  
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6.2 Methods 

6.2.1 Chemicals 

 All chemicals were from Fisher Scientific (Fair Lawn, NJ, USA) unless otherwise stated.   

Adenosine and dopamine were purchased from Sigma-Aldrich (St. Louis, MO) and 

dissolved in 0.1 M HClO4 for 10 mM stock solutions. Stock solutions were diluted daily in 

artificial cerebral spinal fluid (aCSF) to 1 µM for electrode calibrations for brain slice 

experiments. The aCSF consisted of 126 mM NaCl, 2.5 mMKCl, 1.2 mM NaH2PO4, 2.4 

mM CaCl2 dehydrate, 1.2 mM MgCl2 hexahydrate, 25 mM NaHCO3, 11 mM glucose, and 

15 mM tris (hydroxymethyl) aminomethane and was adjusted to pH 7.4. 8-Cyclopentyl-

1,3-dipropylxanthine (DPCPX) (Sigma Aldrich) and SCH 442416 (Tocris Biosciences, 

Ellisville, MO) stock solutions were made in dimethylsulfoxide (DMSO) and diluted in 

aCSF on the day of the experiment.   

 

6.2.2 Electrochemistry 

 Cylinder microelectrodes were made from carbon-fibers as previously described (gift 

from Cytec Engineering Materials, West Patterson, NJ) 16 and were 50 µm long and 7 

µm in diameter. Fast-scan cyclic voltammetry (FSCV) was used with carbon-fiber 

microelectrodes. Cyclic voltammograms (CVs) were collected using a ChemClamp 

(Dagan, Minneapolis, MN).  Data was collected using Tarheel CV software (gift of Mark 

Wightman, UNC) using a homebuilt data analysis system and two computer interface 

boards (National Instruments PCI 6052 and PCI 6711, Austin TX). The electrode was 

scanned from -0.4 V to 1.45 V (vs Ag/AgCl) and back with a scan rate of 400 V/s and a 

repetition rate of 10 Hz.  Electrodes were equilibrated for 30 min in tissue with the 

waveform being applied before measurements taken.    
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6.2.3 Brain slice experiments  

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

University of Virginia. Male Sprague-Dawley rats (250-350 g, Charles River, Wilmington, 

MA) were housed in a vivarium and given food and water ab libitum. Rats were 

anesthetized with isoflurane (1 mL/100 g rat weight) in a desiccator and beheaded 

immediately. The brain was removed within 2 min and placed in 0-5°C aCSF for 2 min 

for recovery.  Four hundred micrometer slices of the caudate putamen were prepared 

using a vibratome (LeicaVT1000S, Bannockburn, IL), transferred to oxygenated aCSF 

(95% oxygen, 5% CO2), and recovered for an hour before the experiment.  aCSF 

(maintained at 35-37°C) was flown over the brain slices using a pump (Watson-Marlo 

205U, Wilmington, MA) at a rate of 2 mL/min for all experiments.  The carbon-fiber 

electrode was inserted 75 μm into the tissue. Dopamine was stimulated using a biphasic 

stimulating electrode, with wires spaced 800 µm apart and placed 300 µm from the 

working electrode (PlasticsOne, Inc., Roanoke, VA). Two stimulations of dopamine, 

spaced 10 minutes apart, were performed prior to exogenous or endogenous adenosine 

application to ensure signal stability. Pulse trains of 5 biphasic pulses, each 200 µA and 

4 ms long (2 ms per phase), were applied at a frequency of 60 Hz using a stimulus 

isolator (Dagan). For exogenous application of adenosine experiments, 25 µM 

adenosine was pressure ejected onto brain slices either 2, 5, 10, 30, or 60 s prior to 

dopamine stimulation using a Parker Hannifin picospritzer (Picospritzer III, Cleveland, 

OH). Each pressure ejection time before dopamine stimulation was completed in a 

separate set of slices. The picospritzing pipette was placed 20-30 µm from the working 

electrode. Low pressures and short puff-times were used to minimize tissue damage 

from the pressure application. The ejection parameters were 10 psi for 50-100 

milliseconds and 100-200 nL of 25 µM adenosine was delivered (2.5-5.0 pmol). High 
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concentrations of adenosine are needed with exogenous application in order to detect 

any at the carbon-fiber microelectrode due to diffusion and rapid uptake. For mechanical 

stimulation of adenosine in slices, an empty pulled glass pipette was inserted into the 

slice 20-30 µm from the working electrode, and lowered 50 µm with a micromanipulator 

2 s prior to dopamine stimulation.  

6.2.4 Pharmacology experiments 

 For pharmacology experiments, two pre-drug dopamine stimulations were collected, 

followed by perfusion of either 200 nM 8-Cyclopentyl-1,3-dipropylxanthine, DPCPX ,( 

Sigma Aldrich, St. Louis MO) or 1 µM SCH 442416 (Tocris Biosciences, Ellisville MO) for 

30 minutes. Dopamine was stimulated to measure if the drugs affected stimulated 

dopamine release. Next, adenosine was exogenously applied 2 s prior to the next 

dopamine stimulation (10 minutes later) in the presence of the drug. As a control, 

dopamine stimulation were repeated without drug to make sure dopamine is stable over 

the length of the experiment.   

6.2.5 Statistics 

 All values are reported as the mean ± standard error of the mean (SEM). Paired t-test 

were performed to compare the initial dopamine stimulation to the dopamine stimulation 

immediately after exogenous adenosine application or after mechanical adenosine 

stimulation, compare initial dopamine stimulation versus the last stimulation within each 

set of control experiments, and to compare initial dopamine stimulation to the dopamine 

stimulation immediately after exogenous adenosine application in the presence of either 

DPCPX or SCH 442416. All statistics were performed in GraphPad Prism V6 (GraphPad 

Software, Inc., La Jolla, CA) and considered significant at the 95% confidence level 

(p<0.05).  
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6.3 Results 

 Adenosine is an important neuromodulator in the brain and can be released and 

cleared on a rapid time scale 7,9,17. FSCV is a technique which allows for electrochemical 

monitoring of electroactive species on the millisecond timescale 18,19. Both adenosine 

and dopamine are electroactive and can be co-detected with FSCV (see figure 6.1 for an 

example color plot and cyclic voltammograms)20,21. Adenosine has a set of two electron 

oxidations 16 at carbon-fiber microelectrodes (primary at 1.40 V and secondary at 1.0 V) 

while dopamine has one oxidation peak at 0.6 V and a reduction peak at -0.2 V 22. 

Adenosine requires a higher switching potential than dopamine, so to detect both 

dopamine and adenosine, a waveform which scans from -0.4 to 1.45 V is needed 21. The 

waveform is applied at 400 V/s with a repetition rate of 10 Hz.  

 

Figure 6.1: Adenosine and dopamine can be co-detected using FSCV. A) Cyclic 
voltammogram for both 5 µM adenosine and 1 µM dopamine in flow cell. The primary 
oxidation peaks for adenosine and dopamine are clearly separated. B) The color plot 
shows both adenosine and oxidaition oxidation in false color (green), time on x-axis, and 
waveform application on the y-axis. Adenosine oxidation is circled in blue and labeled 
AD, and dopamine oxidation is circled and red and labeled (DA).  

 To study dopamine modulation, exogenous adenosine transients were applied to 

the slice at specified intervals before dopamine release was stimulated in the caudate 

putamen. Figure 6.2 shows a schematic of the experiment. Example of a 3-dimensional 

color plot shows the waveform voltage on the y-axis, time on the x-axis, and current in 
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false color. The green-blue color represents oxidative current. Here, adenosine was 

exogenously applied 5 seconds prior to dopamine stimulation (60 Hz, 5 pulses, 4 ms 

width). Associated cyclic voltammograms are shown for both of the analytes. Exogenous 

adenosine application was within the concentration and duration range of spontaneous 

adenosine events detected in vivo (1.2 µM adenosine lasting approximately 3 s). On 

average, the concentration of adenosine detected at the electrode was 1.0 ± 0.1 µM and 

lasted 4.6 ± 0.3 s (n = 19), which are within range of larger spontaneous adenosine 

events in vivo 12.  

 

 Figure 6.2: Schematic for 
exogenous application of 
adenosine in brain slices. A) A 
bipolar stimulating electrode, 
carbon-fiber microelectrode 
(CFME), and picospritzer pipette 
are all placed in a slice of the 
caudate putamen. The CFME and 
stimulating electrode form a 
shallow triangle and the 
picospritzer pipette is placed 20-
30 µm away from the CFME. To 
study neuromodulation, 25 µM 
adenosine is exogenously applied 
with a picospritzer (10 psi, 50-100 
ms, 100-200 nL) prior to 
dopamine stimulation (60 Hz, 5 
pulses, 4 ms pulse width). B) A 
color plot shows voltage on y-

axis, time on x-axis, and current in false color. A blue arrow indicates puff time and the 
red arrow indicates time of stimulation. Here, adenosine was puffed on 5 s prior to 
dopamine stimulation. Adenosine has two oxidative peaks (primary 1.4 V and secondary 
at 1.0 V) and dopamine oxidizes at 0.6 V. Adenosine CV is shown above (blue trace) 
and the dopamine CV is shown below (red trace). The transient lasted only a few 
seconds and the local concentration at the electrode was 1.2 µM. 
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6.3.1 Exogenously-applied, transient adenosine modulates dopamine on a rapid 

time scale 

 Rapid changes in extracellular levels of adenosine transiently modulate 

dopamine release in the caudate putamen. The time interval between exogenous 

application of adenosine and dopamine stimulation was varied. Figure 6.3 shows an 

example dopamine CV before and after adenosine application and the average 

dopamine after exogenous, transient adenosine application. In all experiments, 

dopamine stimulations were performed twice, 10 minutes apart, before adenosine 

application to ensure the dopamine signal was stable.  Dopamine after adenosine 

application is normalized to the pre-adenosine stimulation in order to account for 

variation between stimulated release in different animals.  The black line in Figure 6.3A 

shows an example initial stimulated dopamine signal.  The red trace shows 10 min later, 

when adenosine was applied 2 s before dopamine release was stimulated and the 

dotted black trace shows stimulated release 10 min after that, where dopamine has fully 

recovered. Overall, dopamine inhibition was significantly dependent on time of 

adenosine administration (one-way ANOVA, p = 0.0060). Dopamine release was 

inhibited on average 54 ± 6 % when adenosine was applied 2 s prior (paired t-test 

between initial dopamine signal and after adenosine, p = 0.006, n = 14) and 35 ± 6 % 

when adenosine is applied 5 s prior (paired t-test, p = 0.0129, n = 5). When adenosine 

was applied 10 s, 30 s, or 60 s before the stimulation, dopamine was not significantly 

reduced (paired t-test between the initial dopamine and after the adenosine application, 

p>0.05 in all cases, n = 4). Two controls were performed to ensure that the adenosine 

was causing the inhibitory response. The black bar in Figure 6.3B represents a 

stimulation control in which dopamine was stimulated every 10 minutes for 40 minutes 

and no adenosine was applied. On average, there was no significant decrease in 
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dopamine for the last stimulation compared to the initial dopamine stimulation (paired t-

test, p>0.05, n = 6). The gray bar in Figure 6.3B represents the average change in 

dopamine stimulation after puffing on aCSF 2 s prior to dopamine stimulation. There was 

no significant decrease in dopamine release from the aCSF puff, indicating it was not 

simply due to tissue disturbance (paired t-test, p>0.05, n = 4).  

  

Figure 6.3: Time between exogenous 
application and dopamine stimulation 
optimization. A) Example of the 
optimized procedure, the black trace 
indicates the initial dopamine 
stimulation, red trace is the dopamine 2 
s after adenosine application, and the 
dotted trace shows dopamine on the 
subsequent stimulation (10 minutes 
later). Dopamine decreases by about 50 
%. B) Comparison of puff-times on 
amount of dopamine inhibition. Overall, 
dopamine inhibition was significantly 
dependent on time of adenosine 
administration (one-way ANOVA, p = 
0.0060). The y-axis is the percent of 
initial stimulation and the x-axis shows 
the time at which adenosine was 
administered prior to stimulating 
dopamine. Exogenous application of 
adenosine at 2 s (red bar) and 5 s (blue 
bar) significantly decreased dopamine to 
46 ± 6 % (paired t test, p = 0.006, n = 
14) and 65 ± 6 % (paired t test, p = 
0.0129, n = 5) of initial stimulation 

respectively. If adenosine was applied 10 s or more before the stimulation, dopamine 
was not significantly changed. The black bar represents a stimulation control and the 
gray bar represents puffing on aCSF instead of adenosine. Both controls do not 
significantly change dopamine.  

 

6.3.2 Bath application of adenosine does not modulate dopamine release 

 Transient changes in adenosine concentration modulated stimulated dopamine 

release. To test the extent to which an increase in the basal levels of adenosine would 
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modulate stimulated dopamine release, slices were perfused with 5 µM adenosine for 30 

minutes, with dopamine being stimulated every 10 minutes. Figure 6.4B compares the 

average pre-adenosine stimulation, dopamine stimulation at different perfusion time 

points, and stimulation after adenosine washout. Bathing the slice in adenosine did not 

significantly reduce the amount of dopamine released at 10, 20, or 30 minute perfusions 

and dopamine concentration was not significantly different than the pre-adenosine or 

post-adenosine stimulation (washout) (Figure 6.4A and 6.4B, repeated measures one-

way ANOVA, p =0 .5175, n = 5). Figure 6.4C shows the average pre-adenosine 

stimulations, the dopamine stimulation 2 s after adenosine application, and recovery. 

Stimulated dopamine concentration after adenosine application was significantly 

different than both the pre-adenosine stimulations 1 and 2 and the recovery (repeated 

measures one-way ANOVA, p = 0.0003, n = 14); however the pre-adenosine 

stimulations 1 and 2 were not significantly different from one another and were not 

different from the recovery. The adenosine bath experiments were performed in a 

separate set of slices than the transient adenosine application experiments. This data 

suggests that transient behavior is responsible for inhibitory dopamine modulation, 

because a constant level of elevated adenosine does not affect stimulated dopamine 

release. 
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Figure 6.4: Constant perfusion of 5 
µM adenosine does not modulate 
stimulated dopamine release. A) 
Dopamine is not modulated when 5 
µM adenosine in the aCSF is 
perfused through the slice for 30 
minutes (black trace: initial 
dopamine, orange trace: stimulated 
dopamine after 30 minute adenosine 
perfusion, green trace: adenosine 
washout). B) Comparisons of the 
average pre-adenosine stimulation, 
dopamine stimulation at different 
perfusion time points, and stimulation 
after adenosine washout are shown. 
Bathing the slice in adenosine did not 
significantly reduce the amount of 
dopamine released at 10, 20, or 30 
minute perfusions and dopamine 
concentration was not significantly 
different than the pre-adenosine or 
washout (repeated measures one-
way ANOVA, p =0 .5175, n = 5). C) 
The average pre-adenosine 
stimulations, the dopamine 
stimulation 2 s after adenosine 
application, and recovery is shown. 
Stimulated dopamine concentration 
after adenosine application was 
significantly different than both the 
pre-adenosine stimulations 1 and 2 
and the recovery (repeated 
measures one-way ANOVA, p = 
0.0003, n = 14); however the pre-
adenosine stimulations 1 and 2 were 
not significantly different from one 
another and were not different from 
the recovery. 

 

6.3.3 Mechanically stimulated (endogenous) adenosine modulates dopamine 

release 

 Recently, mechanically evoked rapid increases in extracellular adenosine levels 

were discovered using FSCV 23. Briefly, lowering either an electrode or glass pipette 50 
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µm in slices caused an immediate increase in extracellular adenosine levels. 

Mechanically evoked adenosine was confirmed with amperometric enzyme sensors and 

was characterized using pharmacology. Here, we tested the extent to which 

mechanically evoked adenosine can modulate stimulated dopamine release (Figure 6.5). 

Like the previous experiments, two baseline dopamine stimulations 10 minutes apart 

were recorded to make sure the signal was stable (black trace in Figure 6.5A shows the 

initial dopamine stimulation). Once dopamine stability was confirmed, a glass pipette 

placed approximately 20-30 µm away from the working electrode was lowered 50 µm 

deeper into the tissue 2 s prior to the next dopamine stimulation. An immediate increase 

in extracellular adenosine was detected, on average 1.4 ± 0.4 µM and 6.3 ± 1.3 s, and 

the dopamine release was transiently inhibited (Figure 6.5A, red trace). After 10 minutes, 

dopamine was stimulated again and it recovered to baseline values. Figure 6.5B shows 

that on average, mechanically evoked adenosine caused a 37 ± 3 % decrease in 

dopamine concentration; however, stimulated dopamine release fully recovered after 10 

minutes. The stimulated dopamine concentration was significantly different after 

mechanical adenosine stimulation from the initial dopamine stimulation (paired t-test, p = 

0.0119, n = 6). Overall, this data shows that both exogenously-applied and 

endogenously-evoked transient adenosine can modulate stimulated dopamine release.   
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 Figure 6.5: Mechanically evoked 
adenosine transiently modulates 
dopamine. A) Example data shows 
dopamine is inhibited by around 50 % after 
mechanical stimulation by lowering an 
empty pulled glass pipette (black trace: 
initial dopamine, red trace: after 
mechanical stimulation, dotted trace: 10 
minute recovery). B) On average, 
mechanically evoked adenosine causes a 
significant decrease in dopamine to 63 ± 6 
% of initial stimulation (paired t test, p = 
0.0119, n = 6, red bar). Dopamine fully 
recovers within 10 minutes after 
mechanical stimulation (gray bar). 

 

 

 

6.3.4 Adenosine modulation of dopamine is regulated by A1 receptors   

 To test whether dopamine modulation was regulated by the inhibitory A1 

receptor, the A1 receptor anatagonist, DPCPX, was perfused through the slice (Figure 

6.6A and 6.6B). First, an initial dopamine stimulation was collected before drug 

application (Figure 6.6A, black trace). Then, the slice was perfused with 200 nM DPCPX 

for 30 minutes, and another dopamine stimulation performed to ensure the drug did not 

have an effect on dopamine release (Figure 6.6A red trace, and 6.6B red bar). Next, 

adenosine was puffed onto the slice 2 s prior to a dopamine stimulation in the presence 

of 200 nM DPCPX (Figure 6.6A blue trace and 6.6B blue bar). Overall, there was no 

significant difference between dopamine stimulation in slices without drug (black bar), 

dopamine in the presence of DPCPX, or dopamine after adenosine application in the 

presence of DPCPX (repeated measures one-way ANOVA, p = 0.5009, n = 6). DPCPX 
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blocked the inhibition of dopamine release by adenosine; thus, the inhibition of 

dopamine release is regulated by A1 receptors. 

  

Figure 6.6: Dopamine modulation is regulated by the A1 receptor and not the A2A 
receptor in the caudate putamen. A) Dopamine modulation was blocked in the 
presence 200 nM of the A1receptor antagonist, DPCPX. Example data show no change 
in stimulated dopamine release after both drug perfusion and adenosine application 
(black trace: initial stimulation, red trace: dopamine after DPCPX perfusion for 30 
minutes, blue trace: dopamine after exogenous application 2 s prior in the presence of 
DPCPX). B) On average, there was no significant difference between dopamine 
stimulation in slices without drug (black bar), dopamine in the presence of DPCPX, or 
dopamine after adenosine application in the presence of DPCPX (repeated measures 
one-way ANOVA, p = 0.5009, n = 6). C) Dopamine modulation was unchanged in the 
presence of 1 µM of the A2A antagonist, SCH 442416. Example data show no change in 
stimulated dopamine release after 30 minutes of drug perfusion, but dopamine is 
decreased when adenosine was applied 2 s prior in the presence of the drug ( black 
trace: initial dopamine, orange trace: dopamine after SCH 442416 perfusion for 30 
minutes, green trace: dopamine after exogenous application 2 s prior in the presence of 
SCH 442416). D) On average, SCH 442416 alone did not significantly change dopamine 
release (Figure 6.6D orange bar, repeated-measures one-way ANOVA Bonferroni post 
test p = 0.3482, n = 6), however, puffing on adenosine 2 s prior to dopamine stimulation 
in the presence of the drug still resulted in a decrease in dopamine response (Figure 
6.6D, green bar, repeated measures one-way ANOVA Bonferroni post test, p = 0.0009, 
n = 6). 
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 The effect of A2A receptors was tested with 1 µM SCH 442416, an A2A antagonist. 

The same procedure for DPCPX was repeated for SCH 442416 in a separate set of 

slices. On average, SCH 442416 alone did not significantly change dopamine release 

(Figure 6.6D orange bar, repeated-measures one-way ANOVA Bonferroni post test p = 

0.3482, n = 6), however, puffing on adenosine 2 s prior to dopamine stimulation in the 

presence of the drug still resulted in a 50 ± 6 % decrease in dopamine response (Figure 

6.6D, green bar, repeated measures one-way ANOVA Bonferroni post test, p = 0.0009, 

n = 6). This data shows that A2A receptors do not affect the rapid modulation of 

adenosine by dopamine.  

6.4 Discussion 

 In this paper, we show that adenosine transiently modulates dopamine in the 

caudate putamen. On average, transient adenosine release that occurred 2-5 s before 

stimulation modulated dopamine release by 54 ± 6 % and dopamine release fully 

recovered by the next stimulation. Exogenous application of adenosine was controlled to 

mimic actual spontaneous adenosine events in the brain which typically only last a few 

seconds 12. Mechanically-stimulated adenosine release also inhibited dopamine.  The 

inhibitory modulation was regulated by the A1 receptor. This work demonstrates that 

adenosine can modulate dopamine transients on a rapid time scale.  

6.4.1 Adenosine transiently modulates phasic dopamine release 

 In the past several years, rapid adenosine release in the brain have been well 

characterized using electrochemical techniques 9,12,24. Using FSCV at carbon-fiber 

microelectrodes, the mechanism of stimulated adenosine release has been 

characterized in different brain regions 9,25.  Mechanically evoked adenosine 23 as well as 

spontaneous adenosine transients have been characterized 12. Amperometric 



R o s s | 169 

 

biosensors have shown rapid adenosine release during hypercapnia 26, ischemia 27, the 

sleep-wake cycle 28, and epilepsy 27. While this research has discovered adenosine 

signaling on a fast time scale, little is known about the function of these rapid responses 

of adenosine. 

 In this work, we characterized a transient modulation of dopamine release by 

adenosine.   Adenosine only modulated electrically-stimulated dopamine release when it 

was administered 2 or 5 s prior to dopamine stimulation.  The exogenous adenosine 

transients typically lasted 4-5 s and adenosine was therefore present when it had its 

modulatory effect.  Once adenosine had been cleared, like when the adenosine was 

administered between 10-60 s prior to dopamine stimulation, no modulation was 

observed. This shows that once adenosine is cleared from the extracellular space, no 

local modulation is observed. Mechanically stimulated adenosine evoked 2 s prior to 

stimulation also modulated stimulated dopamine release, thus physiological amounts of 

adenosine can modulate dopamine. Mechanically-evoked, endogenous adenosine is 

expected to be localized to a specific region, whereas a larger amount of adenosine was 

applied exogenously because it was applied 20-30 µm away.  A global, but temporary, 

adenosine elevation would lead to more adenosine receptor activation, which could 

cause the slightly larger modulation by exogenously applied adenosine.  Future studies 

could test the effect of different adenosine concentrations on dopamine modulation.  

Overall, transient adenosine modulated stimulated dopamine release only when 

adenosine was present in the extracellular space.  

6.4.2 Rapid dopamine modulation is regulated by A1 receptors in the caudate 

putamen 

 Rapid dopamine modulation is regulated by the inhibitory A1 receptor. The A1 

receptor antagonist, DPCPX, blocked transient adenosine from modulating dopamine 
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release. A1 receptors are expressed throughout the brain, and specifically are highly 

expressed in the caudate putamen 7,29. Most inhibitory actions of adenosine are linked to 

activation of the A1 receptor 30. In previous studies with microdialysis, basal dopamine 

levels were modulated by blocking the A1 receptor, which increased dopamine levels 

within 20 minutes of perfusion 6,31. Here, no change in stimulated dopamine release was 

observed after 30 minute perfusions with DPCPX.  Stimulated dopamine release mimics 

phasic, or burst firing, which is differently regulated than basal levels (tonic firing) 32.  

Thus, A1 antagonism may affect basal dopamine levels, which cannot be measured with 

our background-subtracted technique, but does not affect electrically evoked release 

within 30 minutes. We show that transient adenosine modulates dopamine via A1 

receptor activation, similar to long-term receptor modulation of dopamine, but on a much 

faster time scale. 

Transient adenosine modulation of dopamine release was not affected by 

blocking A2A receptors with SCH 442416. A2A receptors are the primary excitatory 

receptor in the brain and thus were not hypothesized to cause dopamine inhibition. A2A 

receptors are highly expressed in the caudate putamen, and some evidence shows they 

can be colocalized with D2 dopamine receptors 33. Previous studies also show no 

change in dopamine levels after perfusion with an A2 antagonist. Past studies have 

suggested that A2 receptor action can be masked by A1 receptors 6 and more detailed 

studies could address this with combinations of drugs in the future, but A2A receptors do 

not appear to be important for the transient modulation of dopamine observed here.   

6.4.3 Adenosine perfusion does not modulate stimulated dopamine release 

 In contrast to the actions of transient adenosine release, bathing the slice in 5 µM 

adenosine for 30 minutes did not significantly change the amount of stimulated 

dopamine release. Basal dopamine levels decrease after a 60 minute perfusion with the 
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stable adenosine analogue 2-chloroadenosine (2-CADO) 34.  In another study, 50 µM 

adenosine perfusion significantly decreased extracellular dopamine levels after a 40 

minute perfusion 6. This work showed that the effect of adenosine in modulating basal 

levels was slow, on the 40 minute to hour time frame, and required large amounts of 

adenosine.  Our electrochemical measurements were not extended past 30 minute 

adenosine perfusions and basal levels cannot be quantified by FSCV. Thus our 

experiments show that basal adenosine levels do not modulate phasic release of 

dopamine on the 30 min time scale.  Taken together, these studies point to two different 

mechanisms of adenosine neuromodulation of dopamine: a slow mechanism that 

modulates basal dopamine levels after long perfusion times and a rapid modulation of 

phasic dopamine which occurs only during a temporary increase in adenosine levels.  

The differences between bath application and transient elevation of adenosine imply that 

transient receptor activation is the key to modulation of phasic dopamine.  Bath 

application may lead to receptor desensitization or change in function 35-37, which is why 

phasic dopamine is not modulated.   

6.4.4 Function of transient adenosine release 

 Adenosine neuromodulation in the brain is complicated and many reports provide 

evidence for neuromodulation of neurotransmitters 7. Previous studies have provided 

information on adenosine modulation of dopamine 5, serotonin 38, glutamate 5, and 

GABA 15. Inhibitory modulation has been shown to be mostly regulated by the A1 

receptor 5,7. Here, transient adenosine was shown to rapidly modulate stimulated 

dopamine release by activation of the A1 receptor. This is the first known function of 

transient adenosine release in the brain. Other studies could investigate the extent to 

which adenosine modulates neurotransmitters, like serotonin and glutamate, but on a 

rapid time scale. Combined with knowledge of adenosine modulation of basal levels, 
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rapid neuromodulatory studies will paint a clearer picture of adenosine function in the 

brain and the different time scales of modulation. 

6.5 Conclusion 

 In conclusion, this paper provides evidence for rapid modulation of dopamine in 

the caudate putamen. Both exogenous and endogenous adenosine transients inhibited 

stimulated dopamine release by 50 %. The inhibition was reversible, and stimulated 

dopamine was fully recovered within 10 minutes. Inhibition of dopamine release was 

regulated by the A1 receptor, and not by the A2A receptor. This study provides evidence 

that spontaneous adenosine events in the brain can provide neuromodulation of 

dopamine neurotransmission on a transient time frame. Future work could focus on how 

transient adenosine modulates other neurotransmitters in the brain.  
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Our greatest weakness lies in giving up. The most certain way to succeed is always to try just 

one more time 

~Thomas Edison 
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Chapter 7: Conclusions and Future Directions 

 In this thesis, I have shown new methods for detecting and studying adenosine in the 

brain using fast-scan cyclic voltammetry (FSCV). In particular, I have developed a new 

electrode and a new waveform which allows more sensitive and selective adenosine detection. 

Mechanically evoked adenosine was discovered and transient adenosine was found to rapidly 

modulate dopamine in brain slices. In this last chapter, I will briefly summarize my overall 

findings and discuss the future direction of the field.  

7.1 Novel analytical tools for optimized adenosine detection 

 In Chapters 2-4, new analytical methods for studying adenosine were discussed. 

Chapters 2 and 3 focused on new electrode materials for the enhanced detection of both 

dopamine and adenosine respectively, and Chapter 4 discussed a new waveform for adenosine 

detection. The combination of a polymer and carbon nanotubes provided more sensitive 

neurotransmitter detection without the loss of temporal resolution that polymer coatings can 

provide.1,2 Polymers with carbon nanotubes were also advantageous due to the intrinsic 

properties of the polymer. For example, Nafion is cation selective, so negatively charged ATP 

was not as easily detected with the modified electrode. The Nafion-CNT modified electrodes 

would be ideal to verify adenosine signal if ATP was thought to be an interferent. Electrode 

modifications have become increasingly popular in the last two decades3-5, and research is 

focused on the development of the ideal electrode for whatever the analyte of interest is; 

however, several advancements are needed before highly reproducible electrodes with a 

modified surface become standard for detection in vivo.  

 Suspensions of polymer with carbon nanotubes are difficult because carbon nanotubes 

are not particularly soluble.6 Long sonication times, with a tissue probe sonicator, were required 

in order to fully suspend the carbon nanotubes into the Nafion solution (Chapter 2 and 3). 
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Prolonged sonication, specifically with a tissue probe sonicator, is damaging to the nanotubes 

and could cause the outer graphitic layers to be stripped.7 Recently, evidence has shown that 

prolonged sonication times can result in permanent degradation of the carbon nanotube 

structure.7 If the carbon nanotubes are heavily damaged, the electrode will not be coated with 

properly structured carbon nanotubes, leading to a less than optimal surface.  Conversely, if the 

carbon nanotubes are not well suspended, agglomerations of nanotubes on the surface of the 

electrode could result in a decreased signal to noise ratio.2 If suspension of carbon nanotubes 

with polymers could be optimized, electrodes would have better signal to noise ratios and higher 

increases in sensitivity. 

 Recently, a “true” solvent for carbon nanotubes was published in Nature 

Nanotechnology.6  Chlorosulfonic acid, a type of superacid, provides an ideal solvent for carbon 

nanotube suspensions without the need for lengthy suspension times. Unfortunately, dip-coating 

a carbon-fiber electrode into a highly acidic solution could be disastrous and cause stripping of 

the carbon surface. If highly concentrated suspensions of carbon nanotubes are prepared in 

strong acid and diluted in water to a reasonable concentration, then electrode modifications may 

be possible. Also, the effect of strong acids on different polymers like Nafion or overoxidized 

polypyrrole would need to be explored. Optimizing these conditions will be beneficial in 

developing a more reproducible and robust electrode modification which doesn’t require lengthy 

sonication times.  

 Alternative electrode materials have also become increasingly popular over the last 

several years.8,9 Instead of modifying the existing carbon-fiber electrode surface with carbon 

nanotubes, research has also focused on using carbon-nanotube fibers as electrodes for in 

vivo.8 So far, they share similar properties with carbon-fiber electrodes but are more sensitive, 

selective, and have faster electron transfer kinetics.8 Alternative electrodes may be beneficial if 
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analyte selectivity is not an issue; however, electrode modifications of either carbon-fiber 

electrodes or carbon nanotube electrodes are still necessary if analyte differentiation is desired.  

 Chapter 4 describes a new waveform for adenosine detection. Instead of scanning with 

the triangle-shaped waveform, a modified sawhorse waveform was used. This waveform 

allowed better sensitivity at lower switching potentials and provided better selectivity for 

adenosine versus hydrogen peroxide and ATP than the triangle waveform. The sawhorse 

waveform would be ideal to use if hydrogen peroxide was the primary interferent because 

principal component analysis easily differentiates these at the sawhorse waveform. Combination 

of this waveform and a modified electrode with Nafion-CNTs may provide more confidence in 

adenosine versus ATP measurements.  

 New waveform modifications which increase selectivity for adenosine versus other 

interferents like histamine would be beneficial. Histamine is difficult because both adenosine 

and histamine oxidation kinetics are relatively slow and their oxidation peaks are close to one 

another.10 Unfortunately, the histamine oxidation reaction at carbon-fiber microelectrodes is 

unknown. If the histamine oxidation scheme during electrochemical measurements was 

established as well as a comprehensive study involving scan rate experiments and adsorption 

isotherms, then a clearer understanding of how histamine interacts with the electrode surface 

would be known. Capitalizing on a particular property of adenosine that histamine does not 

possess may allow a highly selective waveform for adenosine versus histamine. Alternatively, 

electrode modifications which capitalize on subtle differences of how adenosine and histamine 

interact with the surface would be useful.  

 Variations of the sawhorse waveform may also be beneficial for other neurochemicals 

which are hard to detect such as peptides. Recently, a modified triangle waveform was used to 

detect gonadotropin-releasing hormone (GnRH) in mouse brain slices.11 Peptides are difficult 
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because only a few amino acids are electroactive, so many peptides have the same 

electrochemical signature. A wide variety of controls are needed to verify signals from peptides 

in vivo. Chapter 4 explains how molecules which oxidize at the switching potential behave 

differently at a potential plateau whether they are adsorption versus diffusion controlled. Peptide 

oxidation occurs at the switching potential11 so the sawhorse waveform may be ideal for peptide 

detection in vivo. Peptides also vary in size and sequence, so some peptides may sterically 

interact with the electrode surface differently than others; for example, larger peptides may have 

a harder time orienting themselves at the electrode while smaller peptides may interact easier. 

Also, it is unknown whether certain peptides are adsorption-controlled versus diffusion-

controlled; however, gaining this knowledge for important peptides that are secreted in high 

enough concentrations for FSCV detection, may allow the sawhorse waveform to be used. 

Sawhorse variations may be used to capitalize on differences in peptide interactions with the 

surface and if done in conjunction with strong biological controls, new waveforms may be useful 

for peptide detection in vivo.  

7.2 Adenosine rapid signaling in the brain 

Rapid adenosine monitoring has led to the overall understanding that adenosine is not 

just a slow-acting, retaliatory metabolite. Adenosine can be released and cleared on the 

order of seconds, much like neurotransmitters. Electrochemical measurements have 

proven that some adenosine is activity-dependent.12,13Activity dependent release can either 

result from direct release of adenosine or by downstream effects of other 

neurotransmitters. The mechanism of release is dependent on the brain region and on the 

stimulation.14 For example, adenosine can be stimulated by electrical pulses, elevated K+, 

and AMPA receptor activation. In Chapter 5, a new method of stimulation is discussed 

which involves mechanically prodding the tissue with either a carbon-fiber electrode or 

pulled glass pipette. This new method of stimulation provides another mechanism in which 
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adenosine is released and cleared rapidly; and this contributes to the overall theme that 

adenosine is not just a slow-acting, retaliatory metabolite.  

Mechanically evoked adenosine was fully characterized in the prefrontal cortex in 

Chapter 5. Previously, Pajski et al. showed that the mechanism of adenosine release is 

dependent on brain region14, so experiments which characterize mechanically evoked 

adenosine in different brain regions are needed. In Chapter 5, we show mechanically 

evoked adenosine is activity-dependent and a downstream action of ATP; whereas in 

another region, glutamate may be more important. In the prefrontal cortex, mechanically  

evoked adenosine is not dependent on glutamatergic AMPA receptors; however, testing 

both AMPA and NMDA receptors would provide more evidence that glutamate is not 

involved. Previous studies have shown mechanically evoked ATP in the brain can be from 

pannexin channels15, so using drugs like carbenoxolone, which block pannexin channel 

activity, would help determine if mechanically evoked adenosine is coming from pannexin 

channels. Briefly, carbenoxolone was tested in the prefrontal cortex (data not shown in 

Chapter 4), but no change was observed; however, because adenosine varies by brain 

region, another region may be dependent on pannexin channels.  

The point of origin for adenosine release is unknown. Several studies have pointed to 

astrocytic-release of adenosine16-18, but some release may be neuronal in origin.19 

Astrocytes have been shown to release neurotransmitters in a calcium dependent manner 

like neurons, so it is tricky to draw conclusions about adenosine cell origin using FSCV 

alone.20 Recently, a conditional astrocyte-specific knockout was characterized using a 

promoter which drives expression of Cre recombinase specifically in astrocytes.21 Testing 

brain slices of mice with astrocyte knockouts may help rule out which regions astrocyte-

mediated release of adenosine is more prevalent. Alternatively, fluorescently tagging 

specific cell-types, like astrocytes, in combination with smaller electrodes, particularly on 
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the nanoscale, may facilitate electrode placement in regions dense in a specific cell -type. 

Comparisons of adenosine release in regions highly fluorescent versus release in regions 

that are not would provide information on where the higher percentage of adenosine is 

originating from.   

In Chapter 4, lowering a carbon-fiber microelectrode or a pulled glass pipette caused 

mechanically evoked adenosine, but puffing on artificial cerebral spinal fluid did not. New 

methods to study mechanically evoked adenosine could also be explored. Most research 

on mechanosensitive ATP release relies on physiological cell changes such as cell swelling 

in the bladder or shear stress in red blood cells.22,23 Instead of evoking adenosine by 

lowering an object into tissue, adenosine may be evoked by cell swelling in the brain (using 

a hypotonic solution). Cell swelling in the brain is not characteristic of normal healthy 

tissue, but it may be useful to study rapid signaling during brain infections which involve 

brain edema such as meningitis or traumatic brain injury.  

 Adenosine is not only released in response to an outside stimulus, but have been 

shown to also spontaneously release in vivo.24 Spontaneous adenosine transients were 

shown to be regulated by the A1 receptor; however more specific mechanisms of release 

are hard to characterize in vivo. Additionally, several drugs do not cross the blood brain 

barrier and therefore cannot be used in vivo to characterize adenosine events. 

Characterizing spontaneous adenosine events in slices would be beneficial  to understand 

the mechanism of release because of the added benefit of more pharmacological 

manipulations. 

Characterizing the function of spontaneous adenosine transient release in slices is 

also easier than in vivo. Chapter 5 discusses one function of these transient changes in the 

brain. In this thesis, we show that adenosine can transiently modulate dopamine in the 
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caudate putamen. Adenosine also modulates several other neurotransmitters such as 

serotonin, glutamate, and GABA on a slower time scale.25-27 Investigations into the extent 

to which adenosine transiently modulates other neurochemicals using FSCV would paint a 

clearer picture of rapid adenosine signaling.  

Glutamate and GABA are not electroactive so they cannot be detected using FSCV; 

however, amperometric enzyme sensors which are selective for glutamate or GABA may 

help in identification. Recently, an enzyme coated carbon-fiber microelectrode was used for 

detection of the nonelectroactive molecule glucose using FSCV.28 Enzyme sensors typically 

have hydrogen peroxide as the end product, and hydrogen peroxide can be detected with 

FSCV.28 Specific glutamate sensors are available from both Pinnacle29 and Sarissa 

Biomedical30; however, GABA sensors are not yet commercially available. Using specific 

enzyme coated carbon-fiber microelectrodes for either glutamate or GABA would allow co-

detection of adenosine and a nonelectroactive molecule; so studies of adenosine 

modulation on a rapid time scale could be studied. Alternatively, combining FSCV and 

electrophysiology measurements to study adenosine modulation would provide information 

on excitatory and inhibitory responses of the cell.  

Adenosine is also classically described as neuroprotective in the brain. Mimicking 

adenosine transients in mouse models of Parkinson’s or in animal stroke models would 

provide insight into how adenosine rapidly responds during disease or acute injury. A slow 

build up of adenosine during brain injuries and non-physiological conditions such as 

hypoxia have been demonstrated, but studies with electrochemical sensors have shown 

that there are also rapid adenosine events during injury and hypoxia. Adenosine can be 

released immediately following hypoxia31, ischemia 32 and during defense reactions33; 

however, the function of rapid adenosine signaling and downstream effects have not been 
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fully characterized. Future studies to measure receptor activation will provide information 

about the functional consequences of rapid adenosine signaling.  

Only a few disease models have been studied to examine the effects on rapid 

adenosine release.34  Because adenosine is ubiquitous throughout the brain35, real-time 

sensing of adenosine could potentially reveal adenosine signaling during behaviors or 

diseases.  Understanding the mechanism of adenosine release during diseases or acute 

injury, such as Parkinson’s disease36 or stroke37, may lead to development of novel drugs 

to manipulate adenosine regulation for therapeutic uses. The field of real-time monitoring of 

adenosine is still relatively young but it is growing as understanding of the role of 

adenosine signaling in many brain functions increases.  The use of sensors to understand 

basic adenosine neurobiology could assist in therapeutic development in the future.   

7.3 Final Conclusions 

 In conclusion, optimized electrochemical methods were developed to study transient 

adenosine changes in brain slices. Over the next few years, as optimized electrode 

modifications and new electrode materials become available, more sensitive and selective 

adenosine measurements will be made. Electrochemical monitoring of adenosine will be 

able to provide more information of adenosine rapid signaling in the brain, which will help 

piece together its intricate role in the brain. As our understanding of adenosine signaling in 

the brain becomes more fine-tuned, new therapeutics could be developed which target 

specific adenosine signaling pathways.  
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Appendix: Brain Slice protocol 

Protocol for Brain Slice Preparation 

Artificial cerebral spinal fluid (aCSF) recipe is a modified Krebbs buffer: 

126 mM Sodium chloride (NaCl)—7.362 g 

2.5 mM Potassium chloride (KCl)—0.186 g 

1.2 mM Sodium phosphate monobasic monohydrate (NaH2PO4)—0.166 g 

2.4 mM Calcium chloride dehydrate (CaCl2 · 2H2O)—0.353 g 

1.2 mM Magnesium chloride hexahydrate (MgCl2 · 6H2O)—0.244 g 

25 mM Sodium bicarbonate (NaHCO3)—2.1 g 

11 mM D-glucose—1.982 g 

15 mM Tris—1.8171 g 

Optional:  3.97 mM Ascorbic acid (0.7 g)—possibly acts as a preservative; used by the 

Jones lab at Wake Forest University 

Optional dissecting aCSF recipe:  Reduce the NaCl by half (3.681 g) and add 63 mM sucrose 

(21.565 g).  This improves the likelihood of slice viability. 

Stock aCSF recipe (10x concentrated):  (keep in the refrigerator) 

1.86 g KCl 

1.66 g NaH2PO4 

3.53 g CaCl2 · 2H2O 

2.44 g MgCl2 · 6H2O 

 

1.  Prepare aCSF the day before to sit overnight at room temperature or in the refrigerator.  

 -Dissecting:  Take 100mL of stock and add ddH2O to about 800mL.  Add 7.362g sodium 

chloride, 1.982g D-glucose, 2.1g sodium bicarbonate and 1.8171 Tris.  pH to 7.4, place in 

a 1L volumetric flask and add ddH2O to 1L, then refrigerate overnight. 

 



R o s s | 188 

 

 -Normal:  Prepare like with the dissecting aCSF, only do not add Tris, and do not bring to 

1L in volume.  Let sit in an air tight container at room temperature overnight.  (If the Tris is 

added now, the solution will become permanently cloudy) 

2.  Prepare aCSF for use in the morning. 

 --Normal:  Add 1.8171g Tris and pH to 7.4.  Place in a 1L volumetric flask and add ddH2O 

to 1L. 

 -Dissecting:  Re-pH to 7.4. 

 Fill a chilling tray with ice and water 

3.  Rinse 2 250mL beakers and 1 600mL beaker with ddH2O and dissecting aCSF.  Place 1 of 

the 250mL beakers and the 600mL beaker in chilling tray and fill with dissecting aCSF to 

below the ice line (only about 400mL of dissecting aCSF will be needed).  Place air-stone 

bubbler in the 600mL beaker and perfuse with 95% O2/5% CO2 (carbogen). 

4.  Place the other 250mL beaker and a petri dish bottom in freezer. 

5.  Place a plastic spoon, fine-hair brush, 2 spatulas, one scalpel and thermometer in non-

aerated beaker.  Thread the slicing razor onto silver thread or a paperclip and suspend in 

non-aerated aCSF.  Optional:  Fill a syringe with dissecting aCSF and place in the non-

aerated beaker to keep cool.  This can be used later to start cooling the brain as soon as 

the cranial (skull) plates are removed. 

6.  Rinse and fill a 250mL beaker with normal aCSF and place net suspension device inside.  

Aerate with carbogen. 

7.  Get a liter beaker and fill with ice.  Place the tub in the vibratome, with a folded paper towel 

inside of the tray.  Make sure the tub is all the way down.  Fill the area surrounding the 

tray with ice. 

8.  Get tissue slicer ready.  Turn on slicer.  Program slice thickness (400µm), speed (3, or 

15mm/min), and frequency (9). 

9.  Let iced solutions chill to <3 °C. 

10.  Place guillotine at the edge of the sink and open a trash bag in the sink to place body and 

remains of head in. 

11.  Line a dissecting plate with paper towels.  Place a pair of rongeures (a pair of strong 

dissecting pliers), scissors, a razor blade and a timer in easy reach. 

12.  Get anesthetizing area ready.  Place folded paper towel in the bottom of the dessicator and 

have the isoflurane ready. 

13.  Once the aCSFs have been aerated for 20-30 minutes, get rat from vivarium in biology.  

Don’t forget the keys!  Code is 100191.  If there are dead rats in lab freezer, go to the 
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room at the middle right wall of the vivarium and place carcasses in floor box freezer.  

Then go to last room on the left (room 74K) and enter using longer key.  Find a rat labeled 

“Venton.”  Pick rats up by tail to place in carrier.  Sign rats out on form behind door.  If you 

empty a cage while picking up rat, bring cage across the hall to the room next to the office 

and set on floor.  Cover carrier with blanket and bring back to lab. 

14.  Weigh rat.  Record date and weight in the rat surgery notebook.  Measure 1mL of isoflurane 

per 100g of rat weight and pour onto paper towels in the bottom of the dessicator (located 

in hood).  Place perforated bottom in the dessicator and close the dessicator.   

15.  Give the isoflurane time to vaporize.  Remove the 250mL beaker from the freezer, place in 

ice tray and pour some aerated dissecting aCSF into it.  Pour the rest of the aerated aCSF 

into the vibratome tray.  If you have any dissecting aCSF ice cubes, place one or two in 

the vibratome tray as well to help maintain temperature.  Super glue a small piece of agar 

gel onto the tissue mount. 

15.  Place the rat in the dessicator.  Anesthetization should only take a minute or two.  Don’t 

wait too long or the rat will die.  You should have time to clean out the carrier and 

weighting bowl if desired. 

16.  When the rat doesn’t respond to tail pinch by tweezers, or starts gasping for breath, behead 

him right behind the ears and start timer.  If he revives before beheading, return to 

desiccator and try again.  Place body in trash bag. 

 Note:  It is possible to behead the rat in such a way that the back of the skull is removed 

during beheading, making brain removal much faster and easier.  However, if you slip and 

behead too far forward, you will risk not killing the rat (because enough hind brain is left 

behind for animation), or destroying useful areas of the brain. 

17.  Remove the brain:  With a scalpel or razor blade, cut the scalp from between the eyes to 

the base of the scull and pull skin away from skull.  Hold the head firmly by the sides.  

Using a sharp pair of scissors, carefully cut along the sagittal suture (between the cranial 

plates) to just behind the eyes.  Insert the rogeures into the hole at the base of the skull 

and remove the cranial plates carefully, but quickly.  Slide the flat edge of a spatula under 

the brain to sever eye and nose nerves.  The mouse’s jaw may twitch.  Pour chilled aCSF 

onto the brain.  Use the spatula to remove the brain from the skull and place in small 

beaker of aCSF.  If you want, you may hemisect the brain (cut in half along the central 

division).  This entire step should take less than 2 minutes. 

18.  Let brain sit in chilled aCSF for 2-3 minutes.  This is enough time to rinse blood off the 

dissection tray and guillotine with cold water, and place the rat body in the freezer. 

19.  Remove Petri dish bottom from freezer and place a kimwipe saturated with dissecting aCSF 

on top. 

20.  Using the spoon, place brain on Petri dish and remove any remaining spinal chord, 

forebrain, and a good portion of the back. 
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21.  Place some glue on tissue mount.  Use a kimwipe to dab brain dry and place on glue, 

ventral side down (“eyes” upward).  The medial edge (inside, cut) of the brain should be 

touching the agar. 

22.  Slice brain, holding agar in place with brush if necessary.  Remove good slices with fine-

bristled brush and place in room temperature, aerated normal aCSF.  Alternatively, slices 

may be transferred using a disposable pipette whose tip has been cut off for a larger 

opening. 

23.  Allow slices to recover for at least an hour at room temperature.  This is a good time to 

calibrate electrodes. 

24.  About 15 minutes before the slices are done equilibrating, start the slice system running.  

Take the slice chamber to the voltammetry system and hook up to the pump and heater (if 

desired).  Fill with normal room temperature aCSF and start pumping aerated normal 

room temperature aCSF through the system at 1mL per minute (or 42.5 rpm).  If desired, 

may use the heater to warm the aCSF to 30 or 34°C. 

25.  Start the waveforms running, and start cleaning the carbon electrodes in isopropanol.  File 

the stimulating electrode prongs for a shiny surface. 

26.  When the slices are done recovering, or shortly before, transfer a slice to the slice chamber.  

Position the slice as desired so that it may be seen clearly under the microscope lens, 

then lower the reference electrode so that it is right next to (preferably touching) the slice.  

Lower and position the stimulating electrode somewhere in the dorsal (top) region of the 

slice.  The stimulating electrode should barely touch the surface of the slice. 

27.  Take a carbon electrode, fill with 1M KCl and place in headstage.  Position it between the 

prongs of the stimulating electrode to form a shallow triangle and lower 75µm into the 

slice.  Allow the electrode to sit for at least 20 minutes in the tissue (longer is better) 

before taking measurements. 

Basic Stimulation Parameters (these can change depending on your experiment): 

-Input stimulation frequency = 1-100 Hz 

-1-10 Hz = approximate dopamine neuron basal firing frequency;  

-50 or 60 Hz = dopamine neuron burst firing frequency;  

-Most Wightman dopamine experiments are done with 1 pulse 

-Input number of pulses = 5-10 

-150 pulses has been known to kill a slice 

-Polarity = usually biphasic 

-Width of pulses = 2-4 ms 
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-Amplitude: 

-We usually use 6 Amp;  

-Wightman often uses 6.5 Amp 

-Multiplier = 1 

-Stim-to-scan delay = default = 90.50 ms (i.e., data collected 90.50 ms after stimulation) 

-Update Rate = default = 5 x 10^3 Hz 

*Always click “Update Stim,” even if you haven’t changed anything!  Otherwise, the 

program won’t turn on the stimulation and you’ll get an error in your next data 

collection file.* 

Notes: 

-For serious experiments, the carbon electrodes should be pre-calibrated.  I prefer to do this on 

the same day as the experiment, using the same normal aCSF as will be used to perfuse 

the slices.  Since usually only one to three slices can be tested in a day, if you start 

cleaning the electrodes before preparing the aCSFs, this can usually be done by the time 

the slices are recovered from surgery.  If electrodes are calibrated on days before the 

actual experiment, they must be kept moist and clean in isopropanol until the experiment. 

-The same electrode may be used for multiple slices (as long as experimental conditions for all 

slices are identical), but the potentials read by the electrode will shift over time.  I 

recommend using a different electrode per slice. 

-If you want to heat the slices, do it slowly.  They respond just fine at room temperature, and 

many other labs test at room temperature.  Even though room temperature is not 

technically physiological, there are added problems associated with heating (shock, lower 

signals, greater electrical noise, heater problems that can kill slices). 

Trouble-shooting: 

-Slices are very hard to kill.  Signals may be low, signal amplitude might decrease over time, but 

for the most part no matter what you do, you will get a signal.   

If you are getting no signal:   

-Make sure the stimulator is turned on, and that the stimulation electrode is touching the 

slice.  If they are: 

-Your slices are probably dead or soon will be.  The important part is to find out what is 

hurting them. 

1. Check aCSF pH.  An acidic aCSF will hurt the slices.  Signs of pH shock are unusually 
pale coloration and curling of the tissue. 
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2. Check nearby equipment and unplug anything that is unnecessary, especially 
equipment that has been recently moved or changed.  Your signal may be low and 
nearby electrical noise is drowning it out. 

3. Variations in aCSF recipe, type of buffer, and incubation temperature (between 21° 
and 35°C) will not hurt the slices.  If at any point during incubation there is a sudden 
increase in oxygenation rate, this will probably kill the slices. 

 

If you are getting a dopamine signal, but not an adenosine signal: 

-The reason for this may be very hard to determine.  Things that I have found in the past 

to help: 

1.  Check electrode positioning.  Do the stimulation prongs and the working electrode form 

a shallow triangle?  Try increasing the distance between the working electrode and the 

stimulating electrode slightly.  You can also try re-trimming the stimulating electrode to 

create a new surface, or widening the stimulating prongs slightly. 

2.  Make sure the working electrode isn’t too deep into the slice. 

3.  When you make aCSF, make sure you are only adding 2.1 g of sodium bicarbonate.  

Too much may reduce your adenosine signal (evidence of this is purely circumstantial, 

so take it with a grain of salt). 

4.  Try as much as possible to position electrodes on or near a blood vessel.  This greatly 

increases your chances of detecting adenosine. 

5.  Decrease oxygenation slightly. 

6.  Check nearby equipment for electrical interference. 

 

If you are getting a signal, but it decays quickly over repeated stimulations:  

-Then your slices are dying.  See that section for suggestions.  Also, try to increase 

oxygenation slightly. 

If you are getting an adenosine signal in an area that you don’t expect to see one, 

and it is a large signal: 

-Then the carbogen tank is running low, leaving your slices low on oxygen (and possibly 

high on carbon dioxide).  Replace it. 

If your stimulation electrode is forming bubbles and “cooking” your slice: 

-The stimulating electrode is oxidizing water.  This is more likely to happen on humid days, 

and is hard to stop once it starts.  You may have to scrap the experiment completely, but 

can try re-filing the stimulating electrode, trimming it so that the insulation surrounding the 

tip is intact, or wiping it off and trying again. 


