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ABSTRACT
JENNIFER LEE ARIANSEN: Exploring Transient pH, Oxygen, and Dopamine
Neurotransmission In Vivo with Fast-Scan Cyclic Voltammetry
(Under the direction of R. Mark Wightman)
Dopamine projections that extend from the ventral tegmental area to the striatum
have been implicated in the biological basis for behaviors associated with reward,
addiction, and neurodegenerative disorders, such as Parkinson’s disease. Many
techniques have been employed to monitor these neurochemical and neurophysiological
changes. In this study we utilized fast-scan cyclic voltammetry to monitor transient pH
and oxygen changes in the striatum of primates. Dopamine release was observed in a
small number of locations, but this signal was masked by the overarching pH changes.
Oxygen and pH are coupled in the brain through a complex system of blood flow and
metabolism as a result of transient neural activity. Indeed, this balance is at the heart of
imaging studies such as functional magnetic resonance imaging (fMRI). We observed
increases in pH to the cue onset and increases in oxygen to predicted reward delivery,
respectively. Additionally, acidic pH changes were observed following probability
predicted reward delivery and to the cue onset in a small percentage of cases. These
findings show that pH, oxygen, and dopamine can be measured in primate striatum and
have implications linking blood flow and metabolism to neural activity.
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CHAPTER 1
THE NEUROBIOLOGY OF THE MESOLIMBIC DOPAMINE SYSTEM

Introduction
The human brain has approximately 100 billion neurons that form close to 1000
trillion synapses (Herculano-Houzel, 2009). Despite the overwhelming complexity of the
brain, it’s connections and synapses, the scope of reward-related brain processes has
narrowed to the study of the mesolimbic dopamine pathway (Wise, 2004). Indeed, a
strong body of research exists linking dopamine neuronal firing and subsequent
dopamine release to cues and rewards associated with those cues (Di Chiara and
Imperato, 1988; Schultz et al., 1997; Hyland et al., 2002; Phillips et al., 2003; Roitman et
al., 2004; Wise, 2004; Stuber et al., 2005; Ikemoto, 2007; Owesson-White et al., 2008).
Neural activity and dopamine release do not exist in a vacuum or a beaker, though. In
the brain, transient neural activity causes a cascade of local changes to maintain
homeostasis, and pH changes are an important marker of neuronal activity and
subsequent metabolic processes that underlie the originations of behavior (Chesler,
2003; Takmakov et al., 2010). Indeed, understanding the complex organization of brain
metabolism, oxygen delivery and subsequent pH changes in concert with dopamine
release is the key to relating brain mechanics to behavior. The primary focus of this
thesis is to elucidate further the neural mechanisms at work during reward related
behaviors in the mesolimbic dopamine system in behaving primates. This chapter will
review general mesolimbic system anatomy and neurochemistry as well as the
techniques used to collect the data presented in Chapter Two.

1

Anatomy of the mesolimbic dopamine system
The mesolimbic dopamine system originates in the ventral tegmental area (VTA)
of the midbrain and extends to areas of the forebrain including the nucleus accumbens
(NAc), caudate/putamen, and prefrontal cortex (Haber and Fudge, 1997; Fields et al.,
2007; Ikemoto, 2007). Of particular importance are the projections that extend from the
VTA to the dorsal and ventral striatum, two anatomically semi-distinct subunits of the
striatum (Figure 1.1). Dopaminergic cell bodies in the VTA are thought to comprise up to
55 % of the neuronal population (Margolis et al., 2006). Dopamine neurons can be
characterized by their thin, unmylineated processes that exhibit high thresholds of
activation, their relatively long action potentials, and clear after hyperpolarizations
(Grace and Onn, 1989; Nowak and Bullier, 1998; Onn et al., 2000). Dopamine neurons
display two firing modes: tonic and phasic. The tonic firing is pacemaker-like and in the
range of 2-11 Hz. The phasic activations are ≥ 20 Hz, and burst fire in response to
salient stimuli (Overton and Clark, 1997; Schultz et al., 1997). In fact, upon repeated
pairings of salient stimuli and rewards, these neurons burst fire to both the cue and the
reward (Schultz et al., 1997; Hyland et al., 2002; Owesson-White et al., 2009). Even
more interesting is the fact that the phasic activity of these neurons is not observed in
tissue slice experiments, suggesting an intrinsic role for the VTA in burst firing (Shepard
and Bunney, 1988; Sombers et al., 2009).
Having a link between dopamine cell body firing in the VTA and subsequent
terminal release, the origins (or terminations of, depending on your perspective) of
dopamine release in striatum can be considered. The tonic firing pattern of dopamine
neurons is thought to underlie the basal concentrations of dopamine, which is estimated
to be ~5-20 nM (Parsons and Justice, 1992). The burst firing activity can lead to
transient concentration increases of up to 1 µM (Garris et al., 1997; Robinson et al.,
2001; Venton et al., 2003b).
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Figure 1.1. Mesolimbic dopamine anatomy. A. Sagittal view of the rodent
mesolimbic dopamine system (red). The working electrode is lowered into the striatum
or nucleus accumbens on the day of the experiment. Modified figure from (Kauer and
Malenka, 2007). B. Coronal view of primate caudate, putamen, and nucleus accumbens
with electrode placements along dorsal/ventral track. Modified figure from (Paxinos,
2000).
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Upon release dopamine acts a volume transmitter as it diffuses out of the
synaptic cleft into the extracellular space to act on presynaptic and postsynaptic targets.
The dopamine transporter lies on the membrane of the presynaptic neuron and is
responsible for transporting extracellular dopamine back into the presynaptic terminals
(Wightman et al., 1988; Cragg and Rice, 2004). Inhibiting these transporters causes
elevated levels of dopamine in the synapse and is responsible for the euphoric and
addictive effects of drugs of abuse like cocaine and amphetamine (Di Chiara and
Imperato, 1988; Jones et al., 1999). Dopamine that is not taken up by the transporter
interacts with presynaptic autoreceptors or postsynaptically on GABAergic receptors
(Garris et al., 2003).
Dopamine receptors are G-protein coupled receptors that are divided into two
categories based on their excitatory or inhibitory intracellular cascades (Kebabian and
Calne, 1979) . Upon activation of the D1-like receptors, the D1 and D5 subclasses,
which are coupled to Gs G-proteins, adenylate cyclase levels are increased which in turn
increases the second messenger, cyclic adenosine monophosphate (cAMP) (Brown and
Makman, 1972). In contrast, D2-like receptors, D2, the D3, and D4 subclasses, are Gi/o
coupled and decrease cAMP production because their inhibitory effects on adenyl
cylcase (De Camilli et al., 1979). Both D1-like and D2-like receptors are expressed
postsynaptically, but have different affinities for dopamine. The D1-like receptors exhibit
a low-affinity for dopamine, and so, require relatively high concentrations to become
activated. The D2-like receptors exhibit a high affinity for dopamine and can be
activated by low concentrations of dopamine (Richfield et al., 1989). Also, the D2-like
receptors are present presynaptically, acting as autoreceptors to inhibit neurotransmitter
synthesis and release (Schmitz et al., 2001; Wu et al., 2002). Both receptor subtypes
are present in the striatum and most likely play a role in reinforcing behaviors, though
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research has not led to a consensus on the exact role for either subtype (Ikemoto et al.,
1997).
Techniques for measuring pH, dopamine and oxygen
Measuring pH, neurotransmitter concentration, and oxygen changes in the brain
during behavior require techniques to measure local, transient concentration changes in
the extracellular space. It has been postulated that neural activity causes changes in
brain pH through the complex balance of metabolism and blood flow (Chesler, 2003).
Indeed, alkaline shifts have been measured in the rat cortex following stimulation as a
result of CO 2 removal because of increased blow flow (Urbanics et al., 1978). In vitro
slice experiments in the rat hippocampus reveal alkaline pH shifts post-stimulation as
well (Chen and Chesler, 1992b, a). Traditional in vivo approaches to measuring oxygen
in the extracellular space have utilized the Clark style electrode which reduces oxygen at
a platinum surface (Clark et al., 1953) and have been made in the cerebellum during
local field potential stimulations (Caesar et al., 2008). In vivo experiments measuring
oxygen have led to many of the theories behind imaging techniques such as positron
emission tomography (PET), which measures blood flow, and blood oxygen level
dependent functional magnetic resonance imagining (BOLD fMRI), which measures
blood oxygenation (Fox et al., 1986; Raichle, 1998; Ances, 2004). Both techniques are
non-invasive and can be used on humans, but lack the spatial and temporal resolution of
electrochemical techniques.
The most common method of measuring dopamine in vivo is microdialysis
(Westerink, 1995). Microdialysis is a diffusion-based sampling method that provides
excellent neurotransmitter selectivity in vivo, but offers concentration information in the
extracellular space on the order of minutes to hours. So, microdialysis is regularly used
to measure tonic neurotransmitter concentration over a long period of time and is not
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suited well for measuring transient changes, and causes significant tissue damage in the
brain over time (Lu et al., 1998; Jaquins-Gerstl and Michael, 2009).
Fast scan cyclic voltammetry has been employed to measure all three species in
vivo (Stamford et al., 1984; Runnels et al., 1999; Venton et al., 2003b; Roitman et al.,
2004; Takmakov et al., 2010), but has only been performed in primate brain slices to
date (Cragg et al., 2000). The technique works by measuring current changes at the
carbon-fiber microelectrode of analytes as they are oxidized and reduced after voltage
application. The current changes can be converted to concentrations when compared to
known concentrations in vitro. Of the electrochemical techniques used for in vivo
behavior experiments, fast-scan cyclic voltammeter (FSCV) provides the best chemical
and time scale resolution for measuring transient changes in the brain (Robinson et al.,
2003). In primate recordings, FSCV was used in conjunction with a modified carbonfiber microelectrode that measured more than 12 cm in length, was well insulated over
85% of this length with glass with a diameter of less than 175 µm, and were sufficiently
rugged to penetrate the dura mater and scar tissue associated with repeated
measurements (Heien, 2005)(see Electrode Methods Chapter 2). An SEM image of
these is shown in Figure 1.2 (Hermans, 2007).
To measure transient fluctuation in analyte concentrations in vivo, the carbon
fiber is inserted into the brain region of interest, in this case the dorsal striatum, and a
triangular potential is applied to the electrode usually every 100 ms in a triangular
fashion at a high scan rate (400 V/s). The limits of the positive and negative excursions
are chosen to oxidize and reduce the analyte of interest within the potential window.
The fast scan rate causes a large background current attributable to the charging of the
double-layer capacitance of the electrode, but because it is fairly stable, it can be
digitally subtracted from the analyte signal. The resulting faradaic current can then be
plotted against the applied waveform potential to produce a background-subtracted
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Figure 1.2. SEM image of electrodes for primate recordings. SEM image of a 33 μm
carbon fiber attached to an etched tungsten wire encased in a glass capillary.
*courtesy of Andre Hermans
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cyclic voltammogram. This voltammogram, with peaks marking the oxidation and
reduction of the species of interest, serves as a signature for the qualitative identification
of electroactive compounds (Kawagoe et al., 1993; Cahill et al., 1996; Keithley et al.,
2011). FSCV is a differential technique that cannot be used to measure absolute values,
but instead, measures changes in currents that can be converted into a concentration
using an in vitro calibration factor (Robinson et al., 2003; Heien, 2005). To date, FSCV
is the only technique that can provide in vivo information in the extracellular space with
sufficient temporal, spatial, and chemical resolution (Figure 1.3).
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Figure 1.3. Fast-scan cyclic voltammetry. A. The triangular waveform is applied to
the electrode with excursions of -0.4V to 1.3V sufficient enough to oxidize (red)
dopamine at ~0.6V (red) to dopamine ortho-quinone and reduce dopamine orthoqunione back to dopamine at -0.2V (blue). The waveform is applied at 400V/s every 100
msec lasting for 8.5 msec. B. The resulting faradic current (in nA) applied against the
waveform application (in V) to generate a cyclic voltammogram. The voltammograms
can be plotted in false color plotted against time and applied potential to produce a color
plot. A subsequent current vs time trace taken from horizontal dotted white line shows
the current increase from the oxidation peak (green). The peak current can later be
converted to a concentration using an in vitro factor for the electrode.
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CHAPTER 2
EXPLORING TRANSIENT PH, OXYGEN, AND OPAMINE NEUROTRANSMISSION
IN VIVO WITH FAST-SCAN CYCLIC VOLTAMMETRY

Introduction
The events in the brain that occur following the presentation of a reward or a cue
that predicts a reward have been studied at length in recent years. The focus of much of
the research has been on the mesolimbic dopamine system (Di Chiara and Imperato,
1988; Schultz et al., 1997; Hyland et al., 2002; Roitman et al., 2004; Wise, 2004; Stuber
et al., 2005; Ikemoto, 2007; Owesson-White et al., 2009). Common methods for
measuring neural activity during reward are electrophysiology, electrochemistry, and
functional magnetic resonance imaging (fMRI). Each technique provides insight into
different components of neural activity associated with reward and reinforcing behaviors.
Indeed, electrophysiological data has shown that dopamine neurons originating in the
ventral tegmental area are immediately activated by unexpected rewards and cues that
predict rewards (Fiorillo et al., 2003; Tobler et al., 2005). Blood oxygen level dependent
(BOLD) fMRI measures the level of blood oxygenation that is governed by neural activity
and blood flow in the brain. The response time of this technique is slower, on the order
of seconds, because the ‘hemodynamic filter’ of this physiological response delays the
signal (Ogawa et al., 1990; Bandettini et al., 1993; Aguirre et al., 1998). Despite the
sluggish timescale resolution of BOLD fMRI, it has shown activation in the human dorsal
and ventral striatum and the prefrontal cortex, further implicating these brain regions in
reward and utility theory (O'Doherty, 2004; Tobler et al., 2007; Tobler et al., 2009).
Electrochemical recordings offer insight into neurotransmitter and oxygen concentrations
as well as pH in the extracellular space with subsecond temporal resolution (Cahill et al.,
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1996; Runnels et al., 1999; Venton et al., 2003a; Hashemi et al., 2009; Park et al.,
2009), but are invasive techniques not utilized in humans.
Until recently, it has been difficult to reconcile these three techniques and the
information they give us about the complex balance of energy utilization and neural
activity and the subsequent physiological responses such as blood flow and oxygen
consumption which cause local, transient pH changes in the brain in response to cues
and rewards. In short, neural activity in response to rewards or reward-predicting cues
is thought to increase blood flow that causes increases in oxygen levels and clearance
of CO2. Removal of CO 2 causes alkaline pH shifts. In balance with this mechanism,
increases in metabolism cause increases in CO 2 and lactic acid production causing an
acidic pH shift (Kaila, 1998; Chesler, 2003; Venton et al., 2003a; Takmakov et al., 2010).
Voltammetric recordings in primate brain slices have only recently been reported (Cragg
et al., 2000, 2002). Catecholamine release has been shown in the caudate of primates
during Pavolvian reward conditioning, but was collected using amperometry and as
such, chemical validation that the signal is dopaminergic is inconclusive (Yoshimi et al.,
2011). In the current study, we peer into this research area where electrophysiology,
BOLD fMRI, and electrochemistry meet and begin to draw conclusions about the role of
pH at the subsecond, synaptic level during reward based activities in the primate
striatum.

EXPERIMENTAL SECTION

Chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received. Solutions were prepared using doubly distilled water (Megapure system,
Corning, New York). For flow injection experiments phosphate buffered saline (150 nM
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NaCl, 10 mM Na2HPO4,1.2 mM CaCl2) was used. Stock solutions of dopamine were
prepared in 0.1 M HCl, and were diluted to the desired concentration with phosphatebuffered saline buffer on the day of use. Tungsten etching was performed in 1.0 N
NaOH solution, saturated with NaNO 2. The diazonium salt, 4-sulfobenzenediazonuim
tetrafluoroborate, was synthesized as previously described (Hermans et al., 2006).
Electrodes
The carbon-fiber microelectrodes were fabricated from two different types of
carbon fibers: 12 μm diameter carbon fibers (Thornel P55, Amoco, Greenville, SC) and
33 μm diameter carbon fibers (Textron Systems Division, Wilmington, MA). These
electrodes differed from those traditionally used in rats in that they had a tungsten wire
(125 μm diameter, 15 cm length, Advent research Materials, Oxford, England) as a
support. The tips of tungsten wires were etched to a tip in etching solution and were
cleaned by applying 4.0 V in electrocleaning solution (Grobet USA, Carlstadt,
NJ)(Hermans and Wightman, 2006). Carbon-fibers were attached along the whole
length of the tungsten wire with conductive silver epoxy (Epo-tek, Billerica, MA)
extending from the tip of the tungsten wire approximately 2 cm. After the epoxy cured,
the tungsten wire and carbon fiber were inserted into a glass capillary and pulled in a
horizontal electrode puller (Narishige, East Meadow, NY). The end of the capillary which
held the etched portion of the tungsten wire and carbon fiber with 2 cm excess was
mounted into the stationary end of the puller. After the heating element reached a
temperature sufficient to soften the glass, the movable capillary holder, which held the
non-etched end of the tungsten wire, was slowly pulled resulting in a very thin (~5μm)
glass-insulating layer over the whole length of the tungsten wire with attached carbon
fiber. The diameter of the electrode assembly, tungsten wire support rod, carbon fiber,
and glass-insulating layer, was approximately 150 µm.
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The assembly was inspected under a microscope to ensure a smooth transition
of the glass over the tip of the tungsten wire and the carbon fiber and that the glassinsulating layer was consistently smooth throughout the length of the electrode.
Additionally, the carbon fiber and the glass were cut with a scalpel blade approximately
250 μm from the end of the tungsten tip. Another insulating layer was applied to the
electrode tips with Epoxylite insulation (The Epoxylite Corporation, St. Louis) at 40°C for
1 minute (Verhagen et al., 2003) and then slowly withdrawn (1 mm/10 s). The
electrodes were cured for 8 hours at 80°C.
Post-curing, the electrodes were polished at a 25° angle on a micropipette
beveler (Sutter instrument, Novato, CA). The electrodes were then cycled in PBS buffer
from -0.4V to 1.3 V vs. Ag/AgCl and the background current was examined to ensure
that the electrodes were well insulated. In addition, this pretreatment activates the
electrode (Heien et al., 2003a)
Following the electrochemical pretreatment P-55 microelectrodes were coated
with 4-sulfobenzene by applying a potential of -1V Vs Ag/AgCl to the electrode for 5
minutes in a 3 mM solution of 4-sulfobenzenediazonium tetrafluoroborate dissolved in
0.1M HCl (Hermans et al., 2006). Electrodes manufactured from 33μm diameter fiber
did not undergo this treatment. Lastly, both types of electrodes were dip-coated with
Nafion as described previously (Kawagoe et al., 1993) and the response to acidic and
basic pH shifts and known dopamine concentrations was assessed with a flow-injection
apparatus.

Flow-injection apparatus
Prior to in vivo experimentation, each electrode was tested in known
concentrations of dopamine and acidic and basic pH shifts via a flow-injection apparatus.
The electrode was positioned at the outlet of a 6-port rotary valve (Rheodyne model
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5041 valve). The analyte was loaded into an injection loop and delivered to the surface
of the electrode following manual switching of the 6-pot valve. The solution flow rate
was approximately 2 ml/s and was driven by syringe pump or gravity.
In vivo recordings
In vivo experiments were performed in collaboration with Wolfram Schultz and
coworkers in Cambridge, England. The experimental design is similar to experiments
reported previously (Tobler et al., 2003; Tobler et al., 2005; Bermudez and Schultz,
2010). Recordings were made in 3 Macaca mulatta monkeys that were mildly fluid
deprived (~200 mL liquid/ day). All procedures were performed in Cambridge, complied
with the Animal Protection Law, and were supervised by the Veterinary Office.
Voltammetric recordings were made in the caudate, putamen, and cortex. The
reward was a sweetened liquid delivered by a computer-controlled solenoid valve from a
spout at the animal’s mouth in fixed quantities of around 0.2 ml. Licking behavior was
monitored with an infrared detector.

Experimental Design
Presentation of predictable reward
Animals were trained in a Pavlovian task in which different visual stimuli coded
the probability (p=0.05, 0.50, or 0.90) of subsequent reward delivery. Three different
visual cues were presented in a unique place on the computer screen and were easily
discriminated, although they were similar in physical salience. Each trial was initiated by
a center fixation spot (CF) shown on a computer screen approximately 20 inches from
the animal’s face. The eye movement to this spot was monitored by a separate camera.
Following the appearance of the CF, the monkey was required to perform a keytouch
within 500 ms. One of the three cues indicating the probably of the reward appeared
between 1.5 and 2 sec after the keytouch. Another 1.5 seconds later the color of the CF
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changed from red to green, prompting the monkey to release the keytouch. The reward
was delivered to the animal’s mouth one second after the key was released. The
computer screen went blank 500 ms after the reward was delivered and the next trial
was initiated 3.5 ± 0.5 seconds later. This procedure was continued for 90 trials. A
timing diagram for this behavioral task can be seen in Figure 1.
Presentation of free reward
Unpredicted reward was delivered in a separate block of trials that consisted of
15 consecutive trials. The time between each reward delivery was 4 seconds plus an
exponentially distributed interval with a mean of 5 seconds. Thus, inter-trial intervals
ranged from 5 to 13 seconds and averaged 9 seconds. The time between each block of
trials was at least 30 minutes. The free reward trial was performed for every of the 51
recording locations after successful completion of the 90 predicted reward trials. During
data analysis, the 15 responses at each location were averaged around the time of
reward delivery.
Recordings were conducted in 27 striatal regions in Animal 1 and in 23 striatal
and 3 cortical locations in Animal 2, and 3 striatal locations in Animal 3. The recording
locations were confirmed by histological examination of stereotaxically oriented coronal
brain sections. In each location approximately 90 single trials were performed, resulting
in around 30 trials for each given probability (p=0.05, p=0.50, and p=0.95, respectively).
Given this number for each location only 1 or 2 rewarded 5% trials and 1 or 2 nonrewarded 95% trials were recorded.

Data acquisition and analysis
Fast-scan cyclic voltammograms were acquired and analyzed using locally
constructed hardware and software written in LabVIEW (National Instruments, Austin,
TX) that has been described previously (Michael et al., 1999; Heien et al., 2003b). The

15

16

system was modified to run on a laptop computer for portability (Forry et al., 2004).
Triangular excursions were normally from -0.6V or -0.4 V vs. Ag/AgCl to 1.0 V and 1.4V
at a scan rate of 400 V/s. For experiments in which oxygen was measured the
waveform began with a scan from 0V to +.8V, a reversal to -1.4V, and the returned to
0.0 V. The waveforms were repeated at a frequency of 10 Hz. The recorded signal was
filtered at 10 kHz before being digitized. The behavior was synchronized to the
voltammetric recordings by measuring TTL pulses at the onset of each event in the
behavioral sequence.
Color representations were used to visualize the data (Michael et al., 1998) with
the applied potential as ordinate and time as abscissa. The current is represented on a
non-linear color scale to visualize the changes in current. Cyclic voltammograms were
sorted according to specific recording locations and the experimental paradigm, and
then background subtraction and signal averaging was performed.

RESULTS
Responses to pH changes and dopamine at carbon fiber microelectrodes
Changes in pH and dopamine can be measured by carbon fiber microelectrodes
with background subtracted cyclic voltammetry (Runnels et al., 1999; Robinson et al.,
2003). Representative responses are shown in Figure 2. In Figure 2A and B, the
response to a bolus of 0.3 acidic pH and 0.3 basic pH relative to absolute 7.4 pH is
shown. In response to this solution, the current changed at several potentials as seen in
the color plot and cyclic voltammogram. The color plot contains all of the cyclic
voltammograms in the 15 s measurement interval. The response to acidic and basic
solutions has been previously characterized, and it was found that the current at -0.3 V
on the negative going scan is most useful for tracking pH changes (Takmakov et al.,
2010). This peak is referred to as the Q peak because it resembles that for reduction of
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a quinone. In Figure 2C the response to a bolus of 2 µM dopamine (Figure 2C) is shown
using the -4V to 1.3V waveform. In Figure 2D the response to 2 µM dopamine and 37.5
µM oxygen is shown using a 0V to .8V to -1.4V to 0V waveform. The color plot shows
the current changes of these electrodes in false color relative to the applied potential and
time for each. The current at the Q-peak of the acidic and basic pH changes and at the
oxidation peak for dopamine are presented in the first row of Figure 2A, B, and C
(horizontal dotted line across color plot). Representative cyclic voltammograms for each
condition are taken along the vertical line in the color plot. The cyclic voltammograms
for acidic and basic pH changes are similar to voltammograms reported previously with
the same scan parameters (Takmakov et al., 2010; Heien et al., 2003a). The
background currents recorded at these electrodes ranged from 100 nA to 300 nA. On
average, the sensitivity of these electrodes was 8 ± 3 nA / µM dopamine (n=8
electrodes, ± SEM) and 4.1 ± 0.12 nA / +0.3 pH and -4.6 ± 0.13 nA / -0.3 pH at the Qpeak. The detection limit of these electrodes is approximately 15 nM with noise values
of approximately 0.04 nA.
The 33 µm electrodes showed similar responses to each condition. The
background currents at these electrodes ranged from 500 nA to 1500 nA. The average
sensitivity for these electrodes was 13 ± 4 nA/ µM dopamine (n=7 electrodes, ± SEM)
and 4.35 ± .15 nA/ +.03 and -.03 pH. The typical noise value of these electrodes was
approximately 0.1 nA yielding a detection limit of approximately 25 nM. Both types of
electrodes were polished to 25º to increase surface area. The electroactive surface area
of the 12 µm electrodes was approximately 0.3 x 10

-5

cm 2 and was 2 x 10 -5 cm 2 for the

33 µm electrodes. For each condition similar signals have been measured following:
electrical stimulation of dopamine neurons in vivo, drug administration, or rewarding or
aversive tastants (Venton et al., 2003a; Heien et al., 2005).
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Dopamine-like signal and oxygen responses
In Animal 3, a set of experiments with the experimental design as in Figure 1
were conducted, but employee the waveform that allows detection of both dopamine and
oxygen signals (Figure 2D). Figure 3 shows color plots averaged to the cue and current
versus time traces for the responses observed with this waveform. In this set of
experiments the cue predicted a 50% probability of reward. The responses in Figure 3A
were recorded during rewarded trials whereas the responses in Figure 3B were recorded
in unrewarded trials. A dopamine-like signal following the reward delivery and at a
slightly later time there was an oxygen increase. The dopamine-like response was not
present in unrewarded trials and the oxygen increase was prolonged (Figure 3B).
Following the cue there was a very small, ~0.1nA dopamine-like response, for both
rewarded and unrewarded trials. These responses are the average of those obtained in
the caudate during three recording days totaling 36 trials. The data is not presented in
concentration because post-calibrations were not performed with these electrodes.
pH and catecholamine changes during free reward
Figure 4 shows a representative color plot and concentration trace average for
15 trials obtained during free reward in Animal 1. In this and all remaining experiments
described here, the -0.4 to 1.3 waveform was used. The data was averaged to the
reward presentation that occurs at the 0 s timestamp. The background was taken from
averaged scans between 0.5 s to 1.5 s before the reward was delivered. Cyclic
voltmm0grams for each type of response are presented in the inset of the Figure A, B,
and C. There were two types of responses: a long term acidic shift lasting for
approximately 5 seconds following the reward observed in ~90% of recordings (31
locations)(Figure 4B) and a no significant change in pH following free reward in ~10% of
recordings (2 locations)(Figure 4A). In all free reward trials, there were always one of
these two responses.
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The large pH changes during free reward obfuscated the dopamine signal in the
striatum of these primates. To resolve a dopaminergic signal from these data, principal
component regression (PCR), was conducted (Heien et al., 2004; Keithley et al., 2009).
The signal obtained for the pH shift was used as the first and only principal component
to perform PCR. Following PCR, all non-used principal components (the residual) were
used to construct a color plot. Interestingly, an oxidative current can be seen at the
potential where the oxidation of dopamine is expected. It occurs immediately following
the delivery of the unpredicted juice reward (Figure 4C). By plotting the current at the
oxidation potential for dopamine versus time, a time course for a dopamine-like signal is
obtained (Figure 4C, top panel). Evaluating the residual in this way, a dopamine-like
signal could be observed in 14% of the striatal recording locations.
pH changes during the presentation of predicted rewards
To examine pH changes during the predicted-reward task (simplified Figure 5C),
the voltammetric data were averaged around each of the distinct events (appearance of
the color fixation spot (CF), presentation of the reward-predicting cue (CS), and the time
of reward delivery (US)) at a single location. Additionally, data from each location were
sorted according to the reward probability, p=0.05, p=0.50, or p=0.95 and to the
occurrence (or lack) of reward delivery. The data presented are averaged to the CS and
sorted by rewarded or unrewarded trials. Rewarded trials for the data where the cue
predicted a 5% probability of reward have been discarded so that only unrewarded trials
are presented (top panel Figure 3A). Likewise, unrewarded trails for the data where the
cue predicted a 95% probability of reward have been discarded (bottom panel Figure
5A). The trials where the 50% probability of reward cue have been divided into
unrewarded and rewarded categories (Figure 5A, rows 2 and 3, respectively).
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Three types of responses were observed, a short term basic pH shift, a shortterm basic pH shift followed by an acidic pH shift, and an acidic pH shift. All three types
of responses were observed with the different reward probability types and are
represented in concentration versus time traces and average color plots (Figure 5A,
rows 1, 2, 3, and 4). Cyclic voltammograms for a basic pH shift and acidic pH shift are
shown as insets in Figure 5. Figure 5D summarizes the percentage of occurrences by
reward probability type. A short term basic shift was the most predominant signal,
occurring in 75-83% of the recording locations, regardless of cue probability type or
rewarded or unrewarded trials (blue section, Figure 5C). Acidic pH changes were also
observed. An acidic pH change following a basic pH change was observed in every
reward probability scenario, occurring 15-27% of recordings (turquoise section, Figure
5C). Acidic changes not associated with the cue presentation or a preceding basic pH
shift were observed in approximately 18% of recordings overall (green section, Figure
5C). No change was observed in some cases, but no more than 8% for any given cue
probability reward type (purple section, Figure 5C).
Interestingly, in recordings where a short term basic shift was observed, the peak
amplitudes across probability of reward showed a general increasing trend by probability
of reward, 5% probability of reward showed a 0.035 ± 0.006 (n=38 ± SEM) basic pH
shift, 50% probability of reward showed a 0.038 ± 0.005 (n=57 ± SEM) basic pH shift,
and 95% probability of reward showed a 0.042 ± 0.011 (n=31 ± SEM) basic pH shift,
respectively (Figure 6A). These three conditions were significantly (p=0.0197, student’s
T test) greater than the basic pH shift observed in during unpredicted reward, 0.017 ±
0.005 (n=36 ± SEM), but were not significantly different from one another, suggesting a
correlation of basic pH shifts in the brain to cues associated with reward. Additionally,
there was no significant difference or trend in the later acidic shift following a basic shift
(Figure 6B). Lastly, we compared the long term acidic shift amplitude by relative
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Figure 2.5. In vivo response to cues predicting different probabilities of reward.
Average concentration v time traces for basic pH shift (A), basic followed by a later acidic pH
shift (B), and an acidic shift type of response presented according to the cue predicting the
probability of reward, 5% unrewarded trials, 50% unrewarded trials, 50% rewarded trials,
and 95% rewarded trials. Below these traces is a representative color plot for each type of
response above a simplified behavioral diagram. The cue was initiated at timestamp 0 s and
the reward was delivered along dotted line (in rewarded trials). D. A summary of the
percentage of responses by probability cue type. The largest number of responses were
basic shifts pictured In blue and turquoise, followed by acidic shifts, either short term in green
or long term in turquoise. A small percentage of responses showed no change (in purple).
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uncertainty, where the 50% probability of reward cue predicts the highest uncertainty
and the 5% and 95% predicts the lowest uncertainty for reward. There was not a
significant difference in amplitude, 0.047 ± SEM for 50% probability trials and 0.078 ±
SEM for 5 and 95% trials, but the data do suggest that there is a trend that a larger
acidic pH shift is associated with lower uncertainty.

DISCUSSION
The aim of the present study was to assess the electrochemical changes that
occur in primate striatum during reward-based behavioral paradigms. Fast-scan cyclic
voltammetry offers the spatial and temporal resolution necessary to capture these
electrochemical events in vivo in awake and behaving primates whereas conventional
methods for measuring pH and catecholamine responses in the brain are not as rapid.
Based on previous work conducted using electrophysiology and fMRI and in awake and
freely moving rats, we hypothesized that there would be oxygen changes following the
reward and that observing alkaline and acidic pH changes to the cue and reward in vivo
would offer new information on the neurochemical changes that result because of neural
activity.

Secondary to that goal, we also hypothesized that there would be dopamine

release to the cue and the reward as previously described by electrophysiology and
electrochemistry (Schultz, 2002; Phillips et al., 2003; Cheer et al., 2006; Day et al., 2007;
Roitman et al., 2008; Aragona et al., 2009; Owesson-White et al., 2009; Beyene et al.,
2010; Jones et al., 2010; Wheeler et al., 2011). The major findings of this study are twofold: acidic and alkaline pH shifts and oxygen changes were observed during cue and
reward presentation and these responses overshadowed dopaminergic responses.
Extracellular oxygen concentrations in the brain are the balance between that
consumed by ongoing respiration and that generated by increases in blood flow. In turn,
oxygen and pH are coupled in the brain such that increases in oxygen as a result of
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either enhanced blood flow or increased metabolism also increases pH. The pH of the
extracellular fluid is governed by the buffering system of H2CO3/HCO3- . The
concentration of H2CO3.is in equilibrium with the CO 2 concentration, a process that is
controlled by carbonic anhydrase. Due to this equilibrium, acidic pH shifts are caused by
an increase in the partial pressure of CO 2 arising from the oxidation of glucose either
anaerobically, with the production of lactic acid and carbon dioxide, or aerobically with
the production of carbon dioxide (Kaila, 1998; Chesler, 2003). The partial pressure of
CO2 is also dependent on cerebral blood flow that increases after neural activity.
Increased blood flow clears CO 2 and delivers oxygen to the localized brain region
causing an alkaline pH shift (Urbanics et al., 1978). Indeed, previous work using fastscan cyclic voltammetry has coupled the complex balance of neural activity, CO 2
production and oxygen delivery, and pH shift. Venton and coworkers demonstrated that
stimulation of dopaminergic neurons in the substantia nigra induce time-locked basic pH
shifts and oxygen changes that were delayed approximately 2 seconds post-stimulation
(Venton et al., 2003a).
Thus, the neural activity that accompanies reward-based activities should be
accompanied by pH and O 2 concentration changes. Indeed, during unanticipated
administration of a natural reward, alkaline shifts have been observed after dopamine
release (Roitman et al., 2004). Thus, the short term alkaline shifts observed followed by
a long term acidic shift in the striatum during free reward delivery (Figure 4) were
anticipated. Previous work using ion selective electrodes reports long term acidic shifts
preceded by short term basic shifts in vivo in the cerebellar cortex where neuronal
circuits are well defined (Kraig et al., 1983; Somjen, 1984). In our work, the alkaline shift
was significantly smaller than the amplitude of this shift during trials where a cue
predicted with some probability, a juice reward, but there was no difference in the acidic
pH response (Figure 6). This suggests that the increase in anaerobic glucose

28

consumption (metabolism), subsequent lactic acid increase, and overall, localized pH
decrease coupled with the accompanying blood flow change did not differ significantly
from the response seen in trials where a reward was delivered (or not) following a cue.
The initial basic shift may rely largely on the cue that predicts the reward, varying linearly
by probability, and that in the case where a reward is delivered without a deliberate cue
(as the environment or timing of free reward block set of trials acts as an indirect cue in
and of itself), the predominant response is an acidic shift to the reward delivery. In fact,
because there is a time-locked response between oxygen change and pH in the
extracellular fluid (increases in oxygen associated with increases in pH), our results
correlate well with imaging techniques such as PET and fMRI (Raichle, 1998).
There are three predominant components to an fMRI signal: the initial dip,
principal peak, and post-stimulus undershoot (Huettel SA, 2009). The physiological
component of the principal peak is due to increases in cerebral blood flow which would
cause a transient alkaline shift. Indeed, previous studies have shown neuronal
activation in striatal neurons following unexpected (free) reward with electrophysiological
measurements and human fMRI imaging (Berns et al., 2001). Time traces of neuronal
activity in the caudate nucleus obtained with fMRI imaging during reward delivery show
an increase in signal intensity at the beginning of a trial and at the presentation of a
reward-predicting cue (Delgado et al., 2000; Zink et al., 2004). The increase in fMRI
signal that correlates with the basic responses observed here lasts until between 1 and 3
seconds following the reward delivery. The fMRI signal returns to baseline after
approximately 9 to 12 seconds along a similar time course reported in this study.
The most predominant response in the predicted reward trials was a short term
basic shift (Figure 5). Additionally, the amplitude of this shift increased following the cue
presentation and by probability of reward (Figure 6A). If the basic shift is an indicator of
an increase in cerebral blood flow, then an increase or decrease in amplitude may serve

29

as an indirect measurement for neural activity and may correlate with the principal peak
of fMRI studies. Additionally, previous evidence suggests that dopamine neurons
encode errors in the prediction of reward (Fiorillo et al., 2003). Prediction error is the
difference between the probability of reward delivery, represented by a distinct visual
cue, and the actual outcome, rewarded or unrewarded trials. When the probability of
reward is varied between 0 and 1, as in the case where cues represent probabilities of
5%, 50%, and 95%, uncertainty is introduced. Uncertainty is greatest during 50%
probability trials and lowest (and equal) in 5% or 95% probability trials.
Electrophysiological data suggests that dopaminergic responses to uncertainty are
critical for decision making and that this neural activity increases to the cue according to
increased probability of reward and decreases by probability time-locked to the reward
event (in rewarded and unrewarded trials similarly) (Fiorillo et al., 2003).
The second most predominant response of the trials where a cue predicted the
probability of a reward was an acidic shift following the basic shift (Figure 5). The
physiological basis of this response is likely due to an increase in metabolism following
neural activity. The time-course for this response aligns with the undershoot component
of the fMRI signal (Frahm et al., 2008; Dechent et al., 2011). The peak amplitude of the
pH shift in trials that showed this acidic shift was not different in rewarded and
unrewarded trials, but did show a trend towards increasing with decreasing with
uncertainty (Figure 6).
However, this evidence does not account for the approximately ~17% of
responses that showed an initial acidic pH shift following the cue presentation. Direct
measurements with oxygen sensors (Thompson et al., 2003) and BOLD fMRI (Kim et al.,
2000) have shown that there is a fast increase in deoxyhemoglobin coinciding with
neuronal activity followed by a delayed increase in oxygen levels. Though it is not
always a measurable component of the fMRI signal, this initial dip is thought to be a

30

better direct indicator of neuronal activity than the principal peak which may work in
corroboration with increases in cerebral blow flow (Ances, 2004; Buxton et al., 2004).
Additionally, some studies connect the initial dip with the depletion of mitochondrial
oxygen buffers caused by increased neuronal activity (Aubert and Costalat, 2002). The
initial dip does not always proceed the peak in fMRI studies and could account for the for
the small percentage of initial acidic responses observed here (Blanchard et al., 2011).
Dopamine-like signal during reward delivery
In the 50 % reward probability in animal 3 and in 14 % of the free reward studies
in animals 2 and 3, dopamine-like signals were obtained. Validation of an in vivo signal
requires that five criteria be met. These include cyclic voltammograms that match ones
for authentic cyclic voltammograms of the species detected, anatomical and
physiological verification, pharmacological characterization of the signal, and an
independent chemical analysis (Phillips and Wightman, 2003). In the monkey model,
according to animal use policies, we were not able to verify the dopamine-like signal with
pharmacological characterization or via electrical stimulation as in previous studies in
rodents (Cahill et al., 1996; Phillips and Wightman, 2003; Robinson and Wightman,
2007) . The inability to electrically stimulate primate dopamine cell bodies in vivo
prevents the use of principal component regression analysis of the dopamine-like
analyte or the reduction of oxygen at our electrode. Dopamine release at terminal sites
has been well characterized in the putamen (Cragg et al., 2002), and oxygen increases
following stimulation have been studied as well (Zimmerman et al., 1992; Venton et al.,
2003a; Cheer et al., 2006). The oxidation and reduction peaks of this signal (Figures 3
and 4) match closely with the in vitro quantification of dopamine when the characteristics
with the different waveforms are considered (Figure 2) (r2=0.84). Similarly, the in vivo O2
signal (Figure 3) shows close agreement with that obtained in vitro. The cyclic
voltammograms attributed to pH changes (Figure 4) also showed close correlation with
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those recorded under known conditions. Finally, the electrode locations in the putamen
were verified with post-mortem histological reconstructions (Paxinos, 2000). Therefore,
several of the criteria for identifying these species have been met.
In animal 3, with the cue predicting a 0.5 reward probability there was a
significant increase after the reward at the dopamine potential for rewarded trials that
was similar in time scale to previously reported for natural rewards (Roitman et al., 2004)
(p<0.001, Student’s t-test) (Figure 3A). We observed a slight increase in the cueinduced dopamine though it did not exceed the baseline for noise in rewarded and
unrewarded trials. Interestingly, there was an oxygen increase following the reward (or
not in unrewarded trials), but there was not a significant difference between the two
signals. Oxygen increases have been reported in rodent models following stimulation,
but have not been reported in primates during natural reward (Venton et al., 2003a).
Previous work suggests that a signal attributable to dopamine increases to unexpected
rewards but we did not see this in this animal.
It was possible to measure dopamine-like changes in a small number of locations
during free reward delivery with this waveform in animals 2 and 3. Electrophysiology
data shows that dopamine neurons burst fire during reward delivery (Schultz, 2002;
Robinson et al., 2008). The burst firing of dopamine neurons is expected to cause
phasic concentrations in the terminal regions (Runnels et al., 1999; Sombers et al.,
2009). A recent study shows that selectively activating ventral tegmental area neurons
that terminate in the striatum is enough to mediate behavioral conditioning in rats (Tsai
et al., 2009). Here, the dopamine release during free reward was elevated for about one
second, which is on the time scale previously reported for naturally occurring transient
dopamine release (Wightman and Robinson, 2002; Robinson et al., 2003; Wightman et
al., 2007), but are faster than previous reports of dopamine release during natural
reward delivery (Roitman et al., 2004). This might be due to the potential overlap of
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signaling between the pH and dopamine components over time. Mostly likely, it is due
to the differences in dopamine uptake rate in rats compared to primates. The dopamine
uptake rates measured in the striatum of primate brain slices report a Vmax double
compared to the Vmax in rodents (Cragg et al., 2000, 2002). A higher uptake rate
explains the shorter time course measured during free reward delivery and
demonstrates the difficultly for measuring dopamine release in primates compared to
rodents, as clearance of dopamine from the extracellular space is faster.
Another difference between rodent and primate brains that may account for the
heterogeneity of responses has to do with the distribution of blood vessels throughout
the primate brain. The intercapillary distance in primate cortex is 60 µm and 100 µm in
the grey matter (Levin et al., 1976). The maximum diameter of our electrodes was 33
µm and as such, could be placed closer or further way from a site of neural activity or a
blood vessel during any given recording. According to the model, an electrode placed
closer to a site of neural activity would record acidic pH changes and an electrode
placed closer to a blood vessel would likely measure alkaline pH changes more readily.
Furthermore, previous reports on pH have been performed in the rodent in which the
intercapillary distance is ~50 µm (LaManna et al., 2004). The increased diffusion
distance to the electrode in the primate brain and the relative location of the electrode to
capillaries or activation sites could account for the larger acidic and alkaline shifts
compared to rodent studies However, cortical respiration rates in primates is lower than
in rodents (Attwell and Laughlin, 2001).

Summary
We have demonstrated that fast-scan cyclic voltammetry with the carbon-fiber
microelectrode is a useful tool for measuring catecholamine, pH, and oxygen signals in
the primate striatum. At some locations a dopamine-like signal was measured to the cue
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and to the reward during p=0.50 reward trials and in free reward trials directly following
the reward. Additionally, we have shown two correlates for differential pH changes in the
brain, as an indicator for oxygen delivery and neural activity in the case of basic pH
changes and in the case of acidic pH changes we assume an increase in glucose
consumption and CO 2. Further studies with a blood flow sensor are necessary to further
elucidate the link between neural activity, metabolism and blood flow, pH, and fMRI
studies.
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