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Abstract

Cerebral blood flow ensures delivery of nutrients, such as glucose, to brain sites with increased
metabolic demand. However, little is known about rapid glucose dynamics at discrete locations
during neuronal activation /in vivo. Acute exposure to many substances of abuse elicits dopamine
release and neuronal activation in the striatum; however, the concomitant changes in striatal
glucose remain largely unknown. Recent developments have combined fast-scan cyclic
voltammetry with glucose oxidase enzyme modified carbon-fiber microelectrodes to enable the
measurement of glucose dynamics with subsecond temporal resolution in the mammalian brain.
This work evaluates several waveforms to enable the first simultaneous detection of endogenous
glucose and dopamine at single recording sites. These molecules, one electroactive and one non-
electroactive, were found to fluctuate in the dorsal striatum in response to electrical stimulation of
the midbrain and systemic infusion of cocaine/ raclopride. The data reveal the second-by-second
dynamics of these species in a striatal microenvironment, and directly demonstrate the coupling of
glucose availability with increased metabolic demand. This work provides a foundation that will
enable detailed investigation of local mechanisms that regulate the coupling of cerebral blood flow
with metabolic demand under normal conditions, and in animal studies of drug abuse and
addiction.
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Introduction

Neuronal activation imposes a significant energetic demand that is fueled, at least in part, by
glucosel—3, Cerebral blood flow (CBF) delivers glucose and other energetic resources to
brain tissue in a process that is thought to be coupled to local metabolic rate*~. Over 100
years ago, Roy and Sherrington reported that the vascular supply of the brain responds to
local variations in functional activity8. Since then, many studies have described the
functional recruitment of capillaries to accommodate an increased energetic demand during
neuronal activation® 10, and brain energetics have been studied using numerous techniques.
For example, imaging techniques such as positron emission tomography (PET)L, functional
magnetic resonance imaging (FMRI)12, and high-field magnetic resonance spectroscopy
(MRS)3 have been used to monitor metabolic processes and flux in the brain with
millimeter resolution. Notably, human PET studies have shown that regional cerebral
oxygen consumption does not increase in response to neuronal activation to the same extent
as does regional CBF®, demonstrating a so-called uncoupling of blood flow and oxidative
metabolism (for review seel®). However, there is little direct evidence demonstrating how
specific energy substrates change on a second-by-second basis in response to local neuronal
activation. This is largely due to a paucity of quantitative methods with sufficient spatial and
temporal resolution to selectively quantify these species on a timescale that is commensurate
with that of neuronal firing. Identifying precisely how energy availability correlates with
metabolic demand is a critical piece to understanding brain function.

Actions of opiates, alcohol, and major stimulants, such as cocaine, converge on the
dopaminergic systems in the brain to modify synaptic activity and, ultimately, behaviorl4.
The neurotransmitter dopamine (DA) modulates basal ganglia output® and is critically
involved in cognition, sensorimotor integration, and modulation of motivated behaviors16-23,
However, little is known about the chemical dynamics that fuel these processes, or how they
are changed upon exposure to drugs of abuse. Attempts to determine how cocaine affects
brain energy metabolism using PET and fMRI have provided conflicting results?4-28, These
are powerful research tools; however, they provide largely static information about glucose
utilization, whereas the response to cocaine is certainly dynamic and regionally specific,
confounding the issue. Furthermore, astrocytes play an important (but often overlooked) role
as essential regulators of the chemical synapse. Astrocytes can deliver energetic substrates
(glucose and lactate) to provide the ATP that fuels cellular function, and they also play an
important role in clearing specific neurochemicals from the synaptic cleft (for review

see 29:30)_ Recent findings suggest that inhibiting lactate transport in the basolateral
amygdala can disrupt cocaine-induced conditioned place preference, even after a cocaine
priming injection, and can reduce cue-induced drug seeking in rats previously trained to self-
administer cocaine3L. Furthermore, astrocytic lactate transport in the hippocampus has been
shown to contribute to long-term memory formation in rats32, and a specific role for GluT4-
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mediated glucose transport into neurons has been recently described for memory
acquisition33. Thus, understanding how the availability of energy resources is related to
neuronal activity promises to clarify some of the key molecular mechanisms that underlie
normal brain function in various nuclei, as well as the changes that occur in drug abuse and
addiction.

Electrochemical approaches to molecular monitoring are ideal for the detection of
neurochemical dynamics /n situ due to high spatial resolution and fast temporal response.
Electrodes modified with glucose oxidase (GOX) are often coupled with amperometry for
the detection of glucose in sittA* 35. Although glucose is not electroactive, GOx on the
electrode surface generates glucono-1,5-lactone and hydrogen peroxide (H,05) in the
presence of glucose and molecular oxygen (as a cofactor). The HoO» serves as the
electroactive reporter molecule for glucose. However, amperometry is a non-selective
technique — any substances that can oxidize at an applied potential will contribute to the
current detected. Thus, it is necessary to exclude electroactive species by incorporating
chemically selective polymeric layers to the electrode surface38: 37, It is also common to
incorporate separate ‘sentinel’ electrodes that are identical to the GOx recording site but lack
the enzyme, thus responding to all interferents but not to glucose38: 39, With this approach,
the difference between the two recording sites is used to report on glucose concentrations.
These strategies effectively eliminate interferents, but introduce confounds associated with
spatial averaging, as the chemical nature of one brain site cannot be assumed to be identical
to that at another site?0. Additionally, and perhaps more importantly, they also preclude the
simultaneous detection of multiple analytes, as additional species are physically filtered
from the recording site, or detected but subtracted from the signal.

An alternative strategy has recently been developed by our laboratory that couples GOx
enzyme modified carbon-fiber microelectrodes (GOx EME) with background-subtracted
fast-scan cyclic voltammetry (FSCV) for the detection of glucose with subsecond temporal
resolution in live brain tissue?l. FSCV has been a transformative approach for quantitatively
monitoring DA and other electroactive neurochemicals in brain tissue*245, as cyclic
voltammograms serve to identify individual components of complex samples based on their
electrochemical properties without requiring strategies to exclude other analytes. By
combining FSCV with GOx EME, the electrochemical selectivity inherent to voltammetry
enables the simultaneous detection of glucose and electroactive analytes, provided that the
voltammetric response for each species is unique. The current work describes the systematic
characterization and optimization of a voltammetric waveform for the reliable detection of
glucose and DA at single recording sites using GOx EMEs. The optimized approach is used
to simultaneously monitor both analytes in the dorsal striatum of anesthetized rats in
response to electrical stimulation of the midbrain, or intravenous administration of cocaine
and raclopride. The real-time measurements directly demonstrate the coupling of glucose
availability with increased metabolic demand, and shed new light on the metabolic effects of
augmented DA concentrations. Overall, this work provides a foundation that will enable
detailed investigation of mechanisms that regulate the coupling of glucose influx with
terminal activation under normal conditions, and in studies of drug abuse and addiction.
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Results and Discussion

Immunohistochemistry Identifies Glucose Delivery Sites Proximal to Dopaminergic Axonal
Fibers in the Striatum

Immunohistochemistry was employed to evaluate the spatial distribution of vasculature,
astrocytes, and dopaminergic axonal projections in striatal brain tissue. In Figure 1,
dopaminergic axonal fibers (green; visualized with rabbit anti-tyrosine hydroxylase (TH)
labeled with goat anti-rabbit Alexa Fluor 488) innervate the dorsal striatum. Here, the
vasculature (red; visualized with biotinylated solanum tuberosum lectin labeled with Dylight
550 conjugated streptavidin protein) can carry CBF to deliver resources into the region and
remove CO». Energetic support can also be provided by way of astrocytes (blue; visualized
with mouse anti-glial fibrillary acidic protein (GFAP) labeled with goat anti-mouse Alexa
Fluor 633) which encapsulate and surround the blood vessels. These supportive cells can act
independently or via networks to shuttle glucose and other energy resources to neurons30: 46,
Figure 1 visually describes the complexity of the recording microenvironment in striatal
tissue. Both the vasculature (red; lectin label) and astrocytes (blue; GFAP) are positioned to
deliver glucose and other nutrients to dopaminergic fibers (green; TH label, see sites at
yellow and white arrows, respectively), or to the targets of striatal DA release (i.e., medium
spiny neurons (MSNs), not shown).

An Optimized Voltammetric Waveform for the Simultaneous Detection of Glucose and

Dopamine

Recent developments in FSCV have enabled carbon-fiber microbiosensors to be used for the
detection of rapid glucose fluctuations in the rodent brain with unprecedented temporal and
spatial resolution®!. The previous work used a triangular waveform from +0.1 V to 1.4 V
with a scan rate of 400 V/s to selectively monitor glucose concentration changes /n vivo,
without requiring complicated spatial subtraction schemes or chemically selective coatings.
Briefly, the oxidized form of the GOx co-factor, flavin adenine dinucleotide (FAD), is
reduced as glucose is oxidized to gluconolactone, generating H,O,. The electrochemical
oxidation of H,0, at +1.4 V generates O,, 2 protons and 2 electrons, and is measured as a
change in current*’. The resulting voltammogram identifies the H,0,, even in the presence
of interferents, enabling it to serve as a reporter molecule for the presence of glucose.
However, this voltammetric approach was optimized for sensitivity to glucose, and did not
allow for the simultaneous detection of physiologically relevant concentrations of DA
(below limit of detection). Figure 2 depicts the voltammetric response to DA, H,05, and
glucose using a bare carbon-fiber microelectrode (CFME) and a GOx EME with the
previously published waveform. Representative data are depicted in color plots with
corresponding background-subtracted cyclic voltammograms (CVs) shown as insets. Color
plots are a simplified display of many background-subtracted CVs that enable identification
of the analytes present by demonstrating the current collected at all potentials. The applied
potential is plotted on the y-axis (V), time on the x-axis (sec), and current is depicted in false
color (nA). Here, each color plot contains 300 voltammograms. The bare CFME (shown
schematically in Figure 2A, left) detects electroactive analytes (Figure 2A, middle) such as
DA (1000 nM; oxidation at ~+0.6 V indicated by asterisk) combined with a
supraphysiological concentration of H,0, (50 uM H,05; oxidation evident at +1.2 V on the
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reverse scan, indicated by triangle). However, no electrochemical signal was recorded upon
delivery of 1.4 mM glucose to the CFME surface (Figure 2, right). In contrast, the GOx
EME (shown schematically in Figure 2B left) was unable to detect the same concentrations
of DA and H,05, (Figure 2B, middle), but glucose was readily detected (Figure 2B, right).
Thus, an approach to permit the simultaneous detection of physiological concentrations of
both glucose and DA was sought.

A series of electrochemical waveforms was systematically characterized for the
simultaneous detection of glucose and DA using the GOx EME. Triangular waveforms with
holding potentials ranging from +0.1 V to —0.4 V were investigated (shown schematically in
Figure 3A). GOx electrodes are most sensitive to glucose when a mildly positive holding
potential is employed (+ 0.1 V); however, increasingly negative potentials were explored in
an attempt to pre-concentrate positively charged DA molecules at the electrode surface and
thus boost sensitivity. The switching potential was held constant, as the oxidation of H,O,
occurs at ~+1.4 V (but is evident at ~1.2 \ on the return scan as a result of filtering)*: 48,
Calibration curves were constructed for physiologically relevant concentrations of glucose
(Figure 3B; 0.2 — 2.0 mM) and DA (Figure 3C; 250 — 1000 nM) using each waveform.
Values are reported as the average + standard error of the mean (SEM; n=5 electrodes). The
linear calibration curves demonstrate that sensitivity to both analytes is dependent on
holding potential. One-way ANOVA revealed that using waveforms with negative holding
potentials resulted in significant changes in sensitivity to glucose and DA when compared to
the previously employed +0.1 V holding potential (glucose: A4,20)=37.28, ***p<0.001 and
DA: A4,20)=70.23, ***p<0.001). These data are listed in Table 1. Figure 3D plots the
current collected in response to an injection of 2.0 mM glucose and 1000 nM DA using each
of the waveforms, illustrating that sensitivity to DA improves as the holding potential
decreases, but at the expense of sensitivity to glucose. DA is positively charged and can pre-
concentrate at the sensing surface between voltammetric scans when negative holding
potentials are employed“®. Conversely, the isoelectric point for GOXx is ~4.2, thus the protein
has a net negative charge at pH 7.4. Furthermore, oxygen (the enzyme co-factor) begins to
reduce at about —0.25 V. Nonetheless, a holding potential of —0.2 V affords sufficient
sensitivity to both glucose and DA, and was thus selected for simultaneous measurement of
these analytes.

The stability of a GOx EME coupled with this waveform was investigated over a four hour
time window (Figure 4). 2 sec bolus injections of a solution containing glucose (0.8 mM)
and DA (750 nM) were repeatedly introduced to the surface of the GOx EME every 15 min
for four hours (typical time period of /in vivo experiments), and stability to both analytes was
assessed. Figure 4 demonstrates that the normalized current (mean + SEM) collected in
response to both analytes was stable across all time points relative to that collected in the
first injection (n=4 electrodes, glucose: A/16,48)=0.27, p>0.05 and DA: A16,48)=0.60,
£>0.05). The color plots shown in Figure 4B provide representative data collected for the
first and last samples analyzed at a single microbiosensor. The oxidation of DA can be
identified at ~+0.6 V (asterisk), and the oxidation of H,O, enzymatically generated in the
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detection of glucose is depicted with a triangle. CVs that identify these analytes (inset) were
extracted at the time indicated by the dashed vertical line.

Local Glucose Availability Increases in Response to Metabolic Demand

GOx EMEs were implanted in the striatum of adult, male, sprague-dawley anesthetized rats
(n=4) to simultaneously record endogenous DA and glucose fluctuations at discrete
recording sites. Electrical stimulation of the midbrain (60 Hz, 100-125 pulses, 200 pA)
elicited striatal DA release (396 £ 29 nM). Representative data are shown in Figure 5A (left,
asterisk). Electrically-elicited striatal DA release has been shown to correlate with local
neural activity in subsets of MSNs®%: 51, There is a significant energetic burden associated
with the generation of action potentials, as well as in the regeneration of ionic gradients and
resting potentials following synaptic eventsl: 3. Accordingly, DA release was followed by an
increase in the local glucose concentration (350 £ 23 uM, triangle, n=4 animals). The
voltammograms for both analytes agree with those collected /n vitro (Figure 5A, right).
Importantly, when a sample containing both glucose (triangle) and DA (asterisk) is detected
in vitro, the electrochemical signal for glucose is generated before the DA signal (Figure 5B,
right). H,O, is enzymatically generated at the electrode surface; however, DA must diffuse
through the chitosan hydrogel for detection. By contrast, a striatal glucose fluctuation
evoked by electrical stimulation of the midbrain (Figure 5B, left, red) peaks 2.7 £ 0.2 sec
afterthe DA release event is recorded (blue), demonstrating that glucose availability
responds to meet metabolic demand. The energetic support likely fuels local MSN neuronal
activation, and also provides energy to other local targets including interneurons and glial
cells. The combined electrochemical detection of glucose and DA at single recording sites is
a powerful tool that can be used to quantify local mechanisms that regulate glucose influx in
response to terminal activation. Identifying these processes is critical to understanding brain
function under control conditions as well as in response to pharmacological challenge.

Cocaine/ Raclopride Induced Fluctuations in Striatal Glucose

The acute actions of opiates, alcohol, and major stimulants such as cocaine converge on the
DA circuits to modify neurochemistry and behavior®2 53, Certainly the administration of a
drug like cocaine involves DA release in the striatum and activation of reward-associated
circuits!4, but the metabolic effects of cocaine administration have proven difficult to
deconvolute. There are few direct measurements of fluctuations in extracellular glucose in
the brain (but see3®), and the literature contains conflicting results 24 26-28.54 Fyrthermore,
imaging studies in human subjects are typically completed during a state of drug withdrawal
or craving, as there are ethical concerns for studying an acute state, particularly with illicit
substances such as cocaine. In order to directly investigate how glucose availability
correlates with augmented extracellular DA concentrations at discrete recording sites in the
dorsal striatum, extracellular glucose and DA dynamics were simultaneously recorded using
the optimized waveform. Measurements were made before and after an intravenous (i.v.)
infusion of a cocktail containing cocaine (DA transporter inhibitor) and raclopride (D2
receptor antagonist), (COC/RAC), and upon electrical stimulation. This treatment has been
shown to significantly increase striatal DA release in rat striatum?®2: 56,
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GOx EMEs were placed in the dorsal striatum of anesthetized rats (n=4) and electrochemical
data were recorded for 60 min after a systemic (i.v.) saline infusion. During this period, the
midbrain was electrically stimulated after one min and every 15 min thereafter. The
experimental procedure was repeated with an infusion of COC/RAC (2 mg/kg COC + 1
mg/kg RAC). At all time points, electrical stimulation evoked striatal DA release followed
by local glucose influx. Representative data collected during the first electrical stimulation
(lightning bolt) are shown in Figure 6, collected ~1 min after infusion of (A) saline or (B)
COC/RAC. Spontaneous fluctuations in extracellular glucose concentration are evident, and
glucose availability clearly increased in response to stimulation, as shown in the color plots
(top panels) and in the corresponding concentration vs time traces (bottom panels). After
saline administration, the amplitude of glucose influx was significantly increased by
electrical stimulation, as compared to preceding spontaneous glucose signals (Figure 6C,
light gray vs dark grey, two-way ANOVA: A3,24)=338.6, ***p<0.001). This was also true
after COC/RAC administration, Figure 6C, light red vs dark red, main effect of type, two-
way ANOVA: A3,24)=7.4, *p<0.05); however, statistical analysis failed to reveal any type x
time interactions regardless of treatment. Additionally, glucose availability rapidly increased
to meet metabolic demand in response to COC/RAC administration (Figure 6C). Both
spontaneous (light gray vs light red, two-way ANOVA: A3,24)=36.5 ***p<0.001), and
electrically evoked (dark gray vs dark red, two-way ANOVA: A3,24)=5.6 *p<0.05) glucose
signals were significantly increased when compared to saline. COC/RAC-administration
also elicited DA release in the dorsal striatum, consistent with prior reports of this treatment
augmenting phasic DA release in the ventral striatum of anesthetized rats®®. The amplitude
of electrically evoked DA release was significantly increased at both 1 and 15 min after
COC/RAC administration, as compared to saline (Figure 6D, two-way ANOVA, treatment x
time: A3,24)=10.1, Bonferroni post hoc comparisons; ****p<0.0001 and **p<0.01
respectively). This drug-induced effect of intravenous cocaine is in accord with the
involvement of the dorsal striatum in reward and addiction®’. Importantly, striatal DA
release has been shown to differentially activate subpopulations of striatal neurons®%: 58, and
cocaine is well known to elicit neural activity in the region®®: 0. Overall, the data
demonstrate that glucose influx follows electrically stimulated and pharmacologically
evoked DA release, likely in response to metabolic demand within the dorsal striatum.

Extracellular glucose fuels many critical aspects of brain function, including (but not limited
to) the generation of ion gradients to establish postsynaptic potentials in response to synaptic
activity, and the restoration of resting membrane potential (for review see 61). At any given
moment, the extracellular glucose concentration is dependent on two opposing forces;
glucose availability and metabolism. Increases in CBF and glucose consumption have both
been correlated with an increase in metabolic demand upon neuronal activation in animal
and human studies® 7 2, and the physiological mechanisms that govern this have been
reviewed elsewhere81. Wightman and colleagues have shown that electrical stimulation of
the dopaminergic cell bodies in the midbrain elicits CBF in the striatum, as indicated by
changes in extracellular O, and pH that are evident immediately following striatal DA
release®3. A combined electrochemistry/electrophysiology study has also shown that DA
activates specific sub-populations of striatal targets®0. Separate investigations conducted in
rats have shown that cocaine administration consistently increases CBF54-66 and tissue
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oxygenation® in many brain regions, including the striatum. Furthermore, cocaine reward
has been shown to increase cell firing in both the dorsal and ventral striatum of non-human
primates®0. The simultaneous measurements of glucose and DA at a single recording site
reported herein are the first of their kind. They directly demonstrate that glucose influx is
temporally coupled with local DA release, whether that release is evoked by electrical
stimulation or COC/RAC administration (Figure 6), to help meet local energetic demand.
However, it is important to note that this study investigated just one substrate in the complex
neuroenergetic landscape. Lactate serves as an important alternative substrate for energy
metabolism®7, and the regulation of energy for essential brain function undoubtedly involves
many players including glucose, lactate, oxygen, astrocytes, neurons, and CBF. This work
describes a tool that can be used to begin to study the complex interplay between these
factors, and to clarify the role played by specific energy substrates and sources.

Conclusion

Methods

Chemicals

To date, neurochemical studies have largely focused on monitoring single analytes at a time.
However, the brain is a dynamic environment of many neurochemicals working together to
generate complex physiological effects. Herein, we present the first simultaneous
voltammetric detection of glucose and DA at a single recording site in the rat striatum.
These distinct species — one electroactive, and one non-electroactive — both rapidly fluctuate
in the dorsal striatum in response to electrical stimulation of the midbrain, or COC/RAC
administration. Many of the acute reinforcing effects of abused drugs, including cocaine,
have been predominantly attributed increases in extracellular levels of DA in the striatum.
However, the effects of striatal DA release on local glucose availability, and the
physiological effects of this modulation, remain unclear. The methodology introduced herein
can be used in a wide range of future studies to evaluate how striatal function is correlated
with glucose availability at spatially discrete recording sites in brain nuclei associated with
addiction circuits, with subsecond temporal resolution. Such measurements can help clarify
the fundamental physiological response that occurs with cocaine exposure, and thus
ultimately inform improved therapeutic strategies to treat cocaine abuse.

All chemicals were purchased and used as received from Sigma-Aldrich (St. Louis, MO),
unless otherwise stated. /n7 vitro electrochemical experiments were carried out in phosphate
buffered saline (0.1 M PBS, containing 0.138 M NaCl and 0.0027 M KCI) at physiological
pH 7.4. g-D-glucose, chitosan, and GOx from Aspergillus niger were acquired from VWR
International (West Chester, PA). The chitosan (from shrimp shells) had a deacetylation
percentage of >75% and an approximate molecular weight of 190 000-375 000 Da (practical
grade). Glucose stock solution was prepared and allowed to undergo mutarotation at room
temperature for at least 24 hours. All aqueous solutions were made using doubly distilled
water >18 MQ-cm (Millipore Milli-Q, Billerica, MA).
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Microelectrode fabrication

Glass-insulated CFMEs were fabricated as described previously 41 47: 68 Briefly, a single
T-650 carbon fiber (7 um diameter, Cytec Industries, West Patterson, NJ) was aspirated into
a borosilicate glass capillary (0.6 x 0.4 mm or 1.0 x 0.5 mm, A-M Systems, Carlsburg, WA)
and pulled using a micropipette puller (Narishige, Tokyo, Japan) to create two sealed
microelectrodes. The exposed fiber was manually cut under a microscope to a desired
length, (~ 100 pum). An electrical connection was established by inserting a stainless steel
wire (Squires Electronics, Inc., Cornelius, OR) coated with conductive silver paint (GC
Electronics, Rockford, IL) into the back of the microelectrode.

Microbiosensor fabrication

GOx EMEs were prepared as previously describedl. Briefly, electrodes were conditioned
by the application of a voltammetric waveform of -0.4 V to +1.4 V for ~15 min at 60 Hz,
and then ~5 min at 10 Hz. Thereafter, the electrodes were submersed in an aqueous solution
containing 30 mg of GOx (6 mg/mL GOx in a 2% chitosan solution (pH~5.3); specific
activity: 100 U/mg at 37°C). —3.0 V was applied using a DC power supply for ~30 sec to
electrodeposit a chitosan hydrogel encapsulating GOXx at the electrode surface. GOx EMEs
were stored in PBS at 4°C prior to use.

In Vitro Experiments

All /in vitro data were collected at room temperature in a flow-injection apparatus using
commercially available HDCV software (University of North Carolina at Chapel Hill,
Department of Chemistry, Electronics Facility). A micromanipulator (World Precision
Instruments Inc., Sarasota, FL) was used to position the GOx EME in a custom built
electrochemical cell with a continuous flow of PBS (1 mL/min) supplied by a syringe pump
(New Era Pump Systems, Inc., Wantagh, NY). Two-sec bolus injections of analyte were
introduced to the GOx EME surface with a 6-port HPLC valve mounted on a two-position
air actuator controlled by a digital pneumonic solenoid valve (Valco Instruments Co., Inc.,
Houston, TX). Triangular voltammetric waveforms were applied at 400 V/s and at a
frequency of 10 Hz.

In Vivo Anesthetized Experiments

All animal procedures were in accordance with the Institutional Animal Care and Use
Committee (IACUC) at North Carolina State University and the National Institute for
Health’s Guide for the Care and Use of Laboratory Animals. Adult, male sprague-dawley
rats (290 — 320 g, Charles River Laboratories, Raleigh, NC; n =4) were housed on a 12:12 hr
light- dark cycle with ad /ibitum access to food and water. Rats were anesthetized with
urethane (1.5 g/mL, intraperitoneal (i.p.)) and body temperature was maintained at 37°C
with a heating pad throughout the duration of the experiment.

First, animals received a catheter placement into the jugular vein for sterile saline or sterile
drug infusions. Once fully anesthetized, the hair was shaved away from the region targeted
by the in-house surgical procedure (right side of the chest, rostral back side, and top of the
head) and the skin was disinfected with alternating swabs of 70% isopropyl alcohol and
betadine (3 times each). For the jugular catheter placement, a ~20 mm incision was be made
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on the back and the skin was separated from the muscle tissue using hemostats in a 4 cm?
area to accommaodate the exit port of the catheter. A small incision was made in the skin 5
mm anterior to the area where the jugular vein enters the rib cage. The jugular vein was
separated from the surrounding tissue using hemostats. Next, a subcutaneous burrow as
made between the chest/ back incisions and the silastic end of the catheter was inserted
through the incision on the back and threaded through the burrow to the area of the jugular
vein. Using microscissors, a small incision was made in the jugular vein and the silastic end
of the catheter as inserted 33 mm into the vein, such that the catheter nodule was flush with
the incision on the vein. Sterile silk surgical thread (Ethicon, 4-0) was tied around the vein
and catheter on each side of the nodule in order to secure the catheter to the vein. Then the
skin on the chest/ back was secured with sutures. The catheters were flushed with 0.1 ml 70
U/ ml filtered sterile heparinized saline.

Thereafter, the stereotaxic surgical placement of electrodes was performed as described
previously*l. A GOx modified microelectrode was placed in the dorsal striatum (+ 1.2 mm
anteroposterior (AP), +1.5 mm mediolateral (ML), and — 5.0 mm dorsoventral (DV), relative
to bregma), and a Ag/AgCl reference electrode was inserted in the contralateral forebrain. A
bipolar stimulating electrode (Plastics One, Roanoke, VA) was placed in the ventral
tegmental area/ substantia nigra area of the midbrain, =5.8 mm AP, +1.0 mm ML, and —-8.0
mm DV. Electrical stimulations consisted of 200 pA biphasic pulses at 60 Hz, using a pulse
width of 2 ms.

Electrodes were conditioned and data were collected using HDCV software (University of
North Carolina at Chapel Hill, Department of Chemistry, Electronics Facility). A jugular
vein catheter was used to administer systemic (i.v., 0.6 mL) infusions of saline or drug
(cocaine 2 mg/kg + raclopride 1 mg/kg, 0.3 mL) followed by 0.3 mL of saline to flush the
solution through the catheter. After ~1 min, a biphasic stimulation was induced (60 Hz, 100-
125 pulses, 200 pA, 2 ms pulse width), and repeated in 15 min increments for one hour.

Immunohistochemistry

Age-matched rats (n=2) were deeply anesthetized with urethane (1.5 g/mL) and
transcardially perfused with 0.2 M potassium phosphate-buffered saline (KPBS), followed
by 4% paraformaldehyde (PFA). All solutions were pH 7.4. Brains were removed, post-fixed
for >24 hours in a 30% sucrose/ PFA solution, and cryoprotected in 30% sucrose in 0.2 M
KPBS for >48 hours. Thereafter, tissue sections (40 um) were cut with a freezing microtome
(Leica) and collected in freshly prepared anti-freeze solution (30% glycerol, 30% ethylene
glycol in KPBS)®°.

Immunofluorescence procedures were adapted from elsewhere’©, Briefly, sections were
washed 3 x 15 min in 0.2 M KPBS, then transferred to wells containing 3% goat serum in
0.2 M KPBS with 0.3% Triton X-100 (G-KPBS-T), which served as the blocking solution.
Tissue was mildly agitated in this solution for 1 hour at room temperature. Thereafter, it was
incubated for 72 hours at 4°C in a primary antibody cocktail prepared in G-KPBS-T, which
contained antibodies directed against mouse glial fibrillary acidic protein (raised in mouse;
1:1000; G3893; Sigma) and tyrosine hydroxylase (raised in rabbit; 1:2500, AB5986P;
Millipore). Next, the tissue was rinsed 3 x 15 min in 0.2 M KPBS. The secondary antibody
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cocktail was prepared in G-KPBS-T and contained AlexaFlour 633-conjugated goat-anti-
mouse immunoglobulin G (1:500; A-21052; Life Technologies) and Alexa Fluor 488-
conjugated goat-anti-rabbit immunoglobulin G (1:500; A-11008; Life Technologies).
Sections were incubated in the secondary cocktail for 90 min at room temperature with mild
agitation. The tissue was thoroughly rinsed and placed into wells containing biotinylated
solanum tuberosum lectin (2 pg/mL; B-1165; Vector Laboratories) in G-KPBS-T. The tissue
was in this primary antibody solution at 4 °C for 24 hours. Tissue sections were then washed
3 x 15 minin 0.2 M KPBS and incubated for 90 min in a secondary solution of streptavidin-
DyL.ight 550 (2 pg/mL; Cat. 84542; ThermoFisher) prepared in G-KPBS-T. Finally, sections
were rinsed 3 x 15 min in 0.2 M KPBS, mounted on Superfrost plus slides (Fisher Scientific,
Pittsburgh, PA), coverslipped with glycerol-based mountant (50% glycerol in 4 M sodium
bicarbonate), and stored at —80°C before visualization on a confocal microscope (Leica
DM5000 scope). Images were acquired, edited, and exported via Leica Application Suite AF
and made into a z-stack image using ImageJ software.

Data Analysis and Statistics

HDCYV Analysis software (University of North Carolina at Chapel Hill, Department of
Chemistry, Electronics Facility) was used for data analysis with the multivariate statistical
analysis method of principle component regression (PCR), which combines principal
component analysis (PCA) with inverse least-squares regression. This approach is used to
deconstruct data collected /n vivoto reveal the relevant chemical contributors (DA, glucose,
and pH) using training sets consisting of data collected in vitro™*. A chemical event was
defined as an event with an amplitude that exceeded three times the standard deviation of the
noise. All data are shown as the mean + standard error of the mean (SEM). Paired #Test,
one-way and two-way analysis of variance (ANOVA) with Bonferonni’s multiple
comparisons post-hoc tests were used to determine statistical differences using GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA) when appropriate. Significance was
designated as p<0.05.
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Figure 1.
Triple-Fluorescence Labeling in the Rat Dorsal Striatum. Confocal laser image (275 x 275

um) taken from a 40 pm-thick tissue slice. Sites where dopaminergic axonal fibers (green;
TH label) interact with blood vessels (red; lectin label) and/ or astrocytes (blue; GFAP label)
are indicated by the triangles (yellow and white, respectively). A randomly oriented and
scaled schematic of a GOx EME is superimposed to demonstrate its relative size in this
environment. Scale bar is 50 um.
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Figure 2.
Voltammetric Response of Carbon-Fiber Microsensors to Glucose, Dopamine and H,0o. (A)

Left: Schematic representation of a bare CFME. Representative color plots depict current
collected in response to the same solutions using a voltammetric waveform from +0.1 V to
+1.4 V41, A mixture of 1000 nM DA (asterisk) and 50 uM H,0 (triangle) is detected
(middle), but the detection of non-electroactive glucose (0.8 mM) is precluded (right). (B)
Left: Schematic of the GOx EME. Right: Representative color plots demonstrate the
detection of glucose (triangle, indicated by the oxidation of enzymatically generated H,05).
However, there is insufficient sensitivity for the detection of physiologically relevant
concentrations of H,O, and DA (middle panel).
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Figure 3.
Systematic Characterization of Holding Potential. (A) Investigation of a series of waveforms

for the simultaneous voltammetric detection of glucose and DA with a GOx EME. (B)
Glucose (0.2-2.0 mM) and (C) DA (250-1000 nM) calibration plots collected with the
waveforms shown in (A). (D) The current collected in response to a sample containing 2.0
mM glucose and 1000 nM DA (note respective scales on left and right y-axes) is dependent
on the holding potential applied between voltammetric scans. A —0.2 V holding potential
provides a compromise that enables adequate detection of both analytes. One-way ANOVA
analysis demonstrated all holding potentials were significantly different than the previously
employed +0.1 V holding potential (glucose: A4,20)=37.28, ***p<0.001 and DA:
H4,20)=70.23, ***p<0.001).
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Figure 4.
Microbiosensor Stability. (A) Normalized current collected in response to repeated bolus

injections of a solution containing glucose (0.8 mM) and DA (750 nM). The peak current
remained stable for glucose (A/16,48)=0.27, p>0.05) and DA (~16,48)=0.60, £>0.05) over 4
hours. (B) Representative color plots for the first (left) vs last (right) injection. Analyte
identification (glucose: triangle, DA: asterisk) is achieved using CVs extracted from the
color plot at the time indicated by the vertical dashed line (inset).
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Figure 5.
Comparison of /n vivovs in vitro chemical dynamics. Representative data in the form of (A)

color and (B) concentration vs time plots provide a visual comparison of the dynamics of
glucose and DA detection. Left: When recording in the striatum of the anesthetized rat,
electrical stimulation of the midbrain (60 Hz, 100-125 pulses, 200 pA, indicated by
lightning bolt and red arrow) elicited DA release (asterisk) followed by an increase in
extracellular glucose (triangle). Right: Glucose is detected prior to DA when a bolus of these
standards is detected /n vitro (sample delivery indicated by gray arrow). These data
demonstrate that glucose availability responds to meet metabolic demand in the striatum
following electrical stimulation of the midbrain.
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Figure 6.
Glucose availability is coupled with metabolic demand. Top: Representative color plots

collected after i.v. infusion of (A) saline or (B) COC/RAC. The time of midbrain stimulation
(60 Hz, 100-125 biphasic pulses, 200 pA) is indicated by the lightning bolt and red arrow.
Bottom: Electrical stimulation evoked striatal DA release (blue) followed by local glucose
influx (red), as evident in the concentration vs time profiles. (C) After saline infusion,
electrical stimulation of the midbrain increased glucose influx to the recording site (dark
gray v light gray), at all time points (***p<0.001). This trend held after treatment with
COC/RAC (light red vs dark red, *p <0.05). COC/RAC treatment augmented spontaneous
glucose influx to the sampling site (light gray vs light red, ***p<0.001). Electrical
stimulation further increased extracellular glucose concentrations, as compared to
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electrically evoked glucose influx after saline administration (dark gray vs dark red,
*p<0.05). (D) COC/RAC treatment significantly increased electrically evoked DA release at
the 1 and 15 min time points when compared to saline (Bonferroni post hoc test,
**xxn<0.001, **p<0.01 respectively).
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