ABSTRACT
BERGER, JENNA MRealTime Monitoring of Multiple Neurotransmitters in the Rat Striatum:
Advances in Simu#tneous Neurochemical Detectiagn@er the directiof Dr. Leslie A
Sombers)

Monitoring molecules within the brain essential for understanding the complexities of
brain function and behaviorQuantifying neurochemical release requires highly sensitive
analytical methods, and the study of chemical dynamics requires sufficient temporal resolution.
Fastscan cyclic voltammetry (FSCV) coupled with carddorer microelectrodes offers excellent
spatal and temporal resolution for rei@ine neurochemical monitoring. While most research has
focused on monitoring one molecule at time, primarily (DA), other neurochemicals work in
concert with DA and contribute to brain function and dysfunction. To better understand these
interactions, it is essential to -cetect multiple neurochemicals simultaneously, in-tiead.

Using FSCV, quantitative and qualitative information can be nétkior multiple neurochemicals
detected at the same space and time, based on their unique oxidation and reduction potentials. In
this work, FSCV is used to monitor multiple neurochemicals like-enkephalin (MENK),
glutamate, and hydrogen peroxideQd), alongside DA at a single electrode in rat striatum.

Substance use disorders are prevalent neurological conditions affecting millions globally,
with evidence linking DA and endogenous opioid peptides lIkENK to addiction. Chapter 2
focuses on simultaneous-detection of DA and MENK release at single realing sites in rat
striatal brain slices to characterize how their kinetics depend on stimulation frequency and
duration. The study used a modified sawhorse waveform to maximize sensitivityEtgkM
Additionally, the high concentrations of DA, which ofteonfound MENK detection, were
effectively addressed by minimizing mesolimbic DA release through the expression of an

inhibitory DREADD on the midbrain DA projection to striatum. Results demonstrate significant



differences in the kinetics and release profiles of DA arBMK, with concentrations of both
neurochemicals scaling with stimulation duration. The identity ¢iNK was validated though a
series of independent experiments cormgnsolid phase extraction (SPE) with liquid
chromatography mass (:LKS).

Chromaffin cells have long been used to study catecholamine exocytosis but have not been
sufficiently explored for endogenous opioid peptide release. Chapter 3 presents a method for using
SPE to characterize and compare intracellular extract and reléasatbovine adrenal tissue.

Mass spectrometry data show that enkephalin (ENK) constitutes a significant portion of the adrenal
peptidome. Both electrical and chemical stimulation were effective in driving release, though
neither was found to evoke signdiatly more release than the other. This work demonstrates a
method for local collection of peptidergic release from chromaffin cells, allowing for selective
characterization of both intracellulaextract and releasate, enabling a comprehensive
characterization of the peptidome.

Many neurodegenerative diseases, such as
decreased extracellular DA concentrations due to degeneration of DA cells in the substantia nigra.
Though not well characterized, oxidative stress has been implicaRid and can occur due to
excess generation of hydrogen peroxidgdhiin the brain. Chapter 4 focuses on the simultaneous
co-detection of DA and bO: fluctuations in rat dorsal striatum following ngelective electrical
or selective optical stimulatiorf the midbrain. Simultaneous voltammetric measurements used a
specifically designed doubleiangle waveform to distinguish 28, from commonin vivo
interferents, like pH. The data demonstrates that electrical stimulation induces both DA release

and HO> generation, whereas optical stimulation only drives DA release. Taken together, this



work reveals how the type of stimulation affects the dynamics of DA a@d ilease in the
striatum.

The nucleus accumbens (NAc) integrates multiple inputs, including glutamatergic and
dopaminergi c, which wultimately affect medi um
important involvemenin motivated behavior and brain function, studying both glutamate and DA
simultaneously using traditional voltammetric techniques has been challsmgeglutamate is
inherently nonelectroactive. A novel glutamate microbiosensor, fabricated on a ctibeon
microelectrode substrate, described in Chaptenaltes simultaneous detection of glutamate and
DA at single brain sites using a chitosan matrix with glutamate oxidase (GlutOx) for selective
voltammetric detection. Using this approach, DA and glutamate transients can be simultaneously
detected at the sam#iatal recording site to characterize glutamate and DA transieniso.

This work has revealed distinct neurochemical kinetics inherent to each ohthesehemicals
showing how each molecule can modulate the other.

Collectively, this dissertation demonstrates the utility of caffilmer microbiosensors
coupled with FSCV for simultaneous-detection of multiple neurochemicals at single recording
sitesin vivo. By moving beyond the "one molecule at a time" approach, this work emphasizes how
multiple neurochemicals work together to shape brain function. Understanding these molecular
interactions is critical, as it will allow us to better comprehend the chefoizadlations of brain
function and dysfunction, to ultimayeihform on improved therapeutic treatments for neurological

disorders.
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CHAPTER 1: Progress in Multi-Analyte Detection of Neurochemicals: Common
Techniques and Applications
The following chapter was prepared in collaboration with Kalynn M. Turner and Leslie A.
Sombers for publication. This review discusses the history, technological advancements, and

importance of multanalyte detection in the field of monitoring molecules.

Introduction
The brain is a complex and delicate network with numerous neurotransmitters and
neuromodulators acting as the main players intoatkell signaling throughout the nervous system.
Monitoring neuromolecules has long been a key objective for neurosciegitists their critical
role in both brain function and dysfunction. Most studies have focused on monitoring individual
neurochemicals, particularly dopamine (DA). Extensive research on DA has focuded an
invol vement i n r ewa rd Neurothemical rmoniiorig has baem dchiéveda r n i
using classic techniques like microdialysis coupled with chromatography, as well as
electroanalytical methods such as amperometry and voltammetry. However, mdsheeal
monitoring strategies have focused on dig one analyte at a timéhis leads to an incomplete,
and likely oversimplified, understanding of the role of given molecules in modulating brain
function, because neurochemicals undoubtedly work together in concert to drive functional output.
Moving the field toward simultaneous detection of several neurochemicals is crucial to
understanding the complex and dynamic nature of brain function for several reasons. For example,
DA and serotonin (B1T) often ceexist and their combined actions aréevant to motivated
behavior, mood, and cognitiéh'® By focusing only on the contribution of one or the other, it is
impossible to determine how these signals collectively contribute to function. Additionally, some

neurochemicals can modulate the release or the functional effects of others. For instdisse, st



have demonstrated cretsk between glutamate and GABA mediated by an allosteric potentiation

of GABA-Rs!! A compelling study has demonstrated that glutamate negatively modulates DA
through glutamate fAspillover o, whereas gl utam
receptor activatio®® Notably, there are several conflicting reports on the nature of this
modulation, such that studisBow glutamate to both enhat¢® and inhibit®!’DA release The

ability to directly cedetect these species will provide the needed clarification to resolve the nature

of this relationship and describe the mechanisms behind it. Additionally -amaliiyte detection

will allow other complex interactions and modulations to be studied as well.

Ultimately, simultaneous detection of multiple molecules in real time promises to advance
understanding of multiple brain diseases and disorders, as all are characterized by dysregulation
of multiple neurotransmitter systems. This is an important stepvielaping therapeutic strategies
to treat brain disorders. In addition, neurochemicals constantly fluctuate in the extracellular space
in response to a range of environmental cues and operant behaviors, and the precise timing of these
signals often corresmds to specific outcomé&2' When multiple, rapidly fluctuating
neurochemicals work on the same cell population to drive a functional output, the timing of these
signals is undoubtedly critical. Shifting the detection paradigm from one molecule at a time to
simultaneous monitoring ahultiple species will reveal new insight into all aspects of brain
function.

Technological advances in molecular monitoring and the explosive development-of deep
learning strategies promise to push the field towardtnea detection of multiple neurochemicals
at the same space and tinMicrodialysis (coupled with chromatography), voltammetry, and
photometry have all been used for the simultaneous detection of multiple species with high

sensitivity and specificity, as summarized in this review. Continuous movement in this direction



will provide a more accurate picture of brain function by capturing interactions between different

neurochemicals that modulate specific brain circuits. This is the next frontier in biosensing.
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Figure 1.1 Graphical representation of microdialysis sampling, electroanalytical detection,
biosensing and fiber photometry.

Traditional Methods of Neurochemical Multi-Analyte Detection

The techniques discussed herein have all proven to be successful at achieviagafyiti
sensingin situ. However, each technique has specific strengths and weaknesses that should be
considered with respect to the experimental conditions and the scientific question that is under
i nvestigation. As such, no one onmult-éanblydes e t ec
sensing. Rather, studies using each of these approaches have significantly advanced the field by

improving the ability of researchers tonitor an array of molecul@s vivo.



Microdialysis Sampling to Assess the Neurochemical Landscape

Microdialysis has been used to monitor neurochemicals for decades and is based on the
Aipul | atedhnigpeudsvieldped by Gaddtfnand Myers® Microdialysis is a sampling
technique in which a probe with a sepgirmeable membrane is implanted into the brain region of
interest. Artificial cerebral spinal fluid (aCSF) is pumped through the probe such that analytes of
interest diffuse across the merane, down their concentration gradient in an equilibfiased
process that is driven by passive diffusion. The modern design for the microdialysis probe was
optimized by Ungerstedt and Pycétknd was based on ideas by Bitand Delgad3® Some of
the earliest microdialysis experiments were focused on a range of monoamines, such as DA, and
their associated metabolit¥sThese studies brought microdialysis to the forefrontnofivo
neurochemical research. Traditionally, the collected dialysate is separatedhvigerformance
liquid chromatography (HPLE and analytes are detected by either mass spectréfetry
electrochemical detectiof¥! Because microdialysis sampling is an equilibribased technique,
low flow rates are employed, limiting temporal resolution to one measurement approximately
every 15 minutes.

There are two major modes of microdialysis: the standard approach in which the perfusate
is composed of neurotransmitferr e e a CSF,-nefnd dixtohe efisdo on of mi
which the aCSF contains several concentrations of targeted neurotrarssispi@aning the
physiological range. Monitoring the amount of a specific species that is lost or gained provides for
i mproved quantification because a 6calibrati ol
(Eq), is obtainedn situ. Smith and dstice convincingly demonstrated the relationship betwagen E

and the efficiency of neurotransmitter clearance from the extracellular space in the nucleus



accumbens (NAC¥23 allows for improved estimation of neurotransmitter reuptake processes in
dialysate sample¥. 3> 36

Several methods for improved temporal resolution have been expiotet?. Microchip
electrophoresis with electrochemical detection is one such solution allowing for more rapid
detection of neurotransmitters in tissue dialy$ata.an attempt to improve temporal resolution,
microdialysis probes with segmented flow rates were fabricated and optimized and were able to
achieve temporal resolution on the seconds time&t&lewever, even with these advances, the
collection of the dialysate and offline analyte detection still requires a longer timescale than that
associated with specific neurochemical release events, which occur orseceul timescale.
Thus, limiting the fcture to comprehensive assessment of the chemical landscape, but in a series

of still frames rather than in real time.

Electroanalytical Approaches for Neurotransmitter Detection

El ectroanal ytical approaches for neurotran
electroactivity by utilizing electrodes (traditionally carbon fiber microelectrodes), to monitor redox
activity in situ. Carbonfiber microelectrodes feature a diameter of approximatdly 6Bm, smaller
than that of the average human hair. The minute size of these sensors allows for implantation into
discrete brain structures, or even single cells, and the electrochenattadds offer reaime
detection.

The most straightorward electroanalytical approach is constant potential amperometry
which involves holding the electrode at an overpotential that is more than sufficient to oxidize (or
reduce) the analyte of interest. However, all analytes that widizeior reduce) at this potential

will contribute to the signal, so this approach is best suited for model systems in which the detected



species are well known. This amperometric approach has limited utility in the monitoring of
multiple analytes, however there are some exceptions. Denison et. al. cleverly used this approach

at bovine chromaffin cells to quantify catecholamine and pepi@ergocytosis events by

exploiting the different standard oxidation potentials of these two classes of signaling molecules
(500 vs. 1000 mVv) . Overall, the study reveal s
than catecholamine kinetics releadeaim the same population of large dense core vesitles.
Similarly, Amatore et. al. used this approach to differentiate different reactive nitrogen and oxygen
species at single macrophages shedding light on the role of these specific species in physiological

processe$?

FastScan Cyclic Voltammetry for Neurotransmitter Detection inComplex Mixtures

Backgrounedsubtractedastscan cyclic voltammetry (FSCV) has been hugely important
in understanding the dopaminergic systems driving locomotion, learning, motivation, goal
directed behavior and reward processitylt is a differential technique that historically uses a
triangular waveform to detect a specific analyte, which has almost exclusively been
catecholamines (DA).

In contrast to amperometry, FSCV scans through a range of potentials, at a relatively fast
scan rate (100 1,000 V/S). This generates a large capacitive charging current that can be
subtracted from the data, to reveal the potespaicific faradaic curré generated by the redox
activity of neurotransmitters in the vicinity of the sensor. The cyclic voltammogram serves as a
chemical signature for the analyte with potersipécific peaks associated with oxidation and
reduction of different classes of netransmitters. An example is shownFigure 1.2, where the

redox chemistry of DA and 4. generates faradaic current represented in the color plot. A vertical



slice of the color plot shows the voltammogram at that specific time point, and the horizontal slices
at the peak oxidation potentials of DA angdd show the reatime neurochemical dynamics of

each analyte. In this way, FSCV affords both qualitative and quantitative information about the
molecules present, even if there is more than one present at a given time, as long as the redox

chemistry for eaclsomponent can be clearly distinguished.
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Figure 1.2 Representation of FSCV data output showing a color plot generated as the result of a
redox reaction between the carbon fiber electrode and the analyte(s) in solution. The color plot
contains the chemical signature of the analyte(s) of interest presanhainee point (CV, purple)

and the reatime chemical dynamics are reflected in the current vs time traces extracted at the

peak oxidation potential for each analyte (DA (redQ(blue)).

FSCV has been used extensively for the detection of biogenic amines in stiutging
the traditional triangular shaped waveform, the Wightman Lab demonstrates well resolved peak

currents for DA, dihydroxybenzylamine, norepinephrine (NEH3 and 4methylcatechol. Soon
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after, FSCV was used to-ctetect dissolved oxygen and DA at a single microelectfoecause
well-resolved peaks for each species were evident in the CVs. In 2003, Venton and Wightman et.
al. used FSCV to detect the changes in DA, dissolved oxygen and pH at the same space and time
in rat caudate putamen revealing two distinct mechanisatge¢gulate and change blood oxygen
and pH levelg®

The triangularshaped wavefornkigure 1.3 (left), has also been used for thedmtection
of DA and hydrogen peroxide ¢B.), which is a reactive oxygen species and important
neuromodulator in striatum. Past research assessed the relationship between electrically stimulated
DA and HO: in rat striatum in an effort to more clearly understand the mechanisms underlying
dopaminergic disease states such as Par ki nson¢
that local HO> metabolism had on both the electrically simulated and basal levels of DA in rat
striatum. They observed that both categories of DA signaling were attenuated with increases in the
endogenous #D; level?’ The correlation between DA and®B: dynamics upon dyskinetic
rotational behaviors were studied in ailDDPA treated rodent model of Parkinsons Disease, in a
publication from Wilson and Sombef&Demonstrating that the DA levels decreased as the striatal
H20:levels simultaneously increased in a manner that waslticked with the onset of-DOPA
induced rotations. These results specifically detail the importance-détecotion of multiple

analytes at the same space in time.

Modified Waveforms for the Co-Detection of Multiple Analytes
One of the specific advantages of FSCV as a method for-amdtyte detection is that the
potential waveforms are highly tunable and can be optimized for anahkgetection. Hashemi

and Wightman used FSCV in order to answer questions regariifgdynamicsin vivo.*° In this



work, they utilized the specially designed Jackson Wavefb(h-type waveform,Figure 4
middle) in order to study-BIT dynamics in rat substantia nigra pars reticulata (SNr). Not only
were they able to reliably evoke and recofid Bdynamics in the SNR, but they were also able to
capture a secondary species that was found to-beleased wh 5-HT, histamine. This finding
changed how BT researchers viewed the physiological role ¢f'6 and, since then, similar
approaches have been used to study histamine-affddynamicsin vivo at the same space and
time 5153

Often, the optimized detection of a species of interest requires one to use a waveform that
incorporates multiple scan rates. Despite being of interest to many researchers, endogenous opioid
peptides are a specific class of neurochemicals that have podvemuite difficult to detect using
electrochemical methods. This is due largely to their size, low concentratiaxe,and to their
penchant for causing the sensing surface to biofoul following oxidation. To combat this Calhoun
and Sombers et. aletail a multiple scan rate waveform, shown on the rigiigare 3, that is
capable of the reliable edetection of meenkephalin (MENK) and catecholamin€é The data
obtained using this approach reveal the dynamics of DA attNK, which are both heavily
implicated in substance use disorders. The tunability of voltammetric waveforms have proven to

be a unique strength for mulinalyte detection.

Potential (V)

7T

Time (ms) Time (ms) Time (ms)
Figure 1.3Popular waveforms optimized for the detection of DA (leftH B (middle) and

opioid neuropeptides (right).



Biosensing

One notable drawback that is inherent to all electrochemical detection techniques is that
the analyte of interest much be electroactive to be detected. However, this issue was addressed by
Clark and Lyon® in the 1960s when they created the first biosensor that was used for the detection
of oxygenin situ, which is inherently nowlectroactive. This concept has been extended to the
electrochemical detection of glucose, such that the sensor can be modified with a glucose oxidase
enzyme. In the presence of glucose, electroactid® k$ generated, and this serves as a redox
proxy that can be detected to report on the presence of glucose. For decades, such biosensors have
been coupled almost exclusively with p@nometry which, as aforementioned, only allows for the
study of one analyte at a time. Researchers successfully exclude interferents by incorporating
charge and sizebased exclusion polymers at the surface of the electrode; however, this also slows
analyte diffusion to the sensor surface, limiting measurements of analyte kinetics.

In order to achieve mulanalyte sensing, Lugblorales and Sombers et. al. coupled
enzymemodified carborfiber microelectrodes with FSCVIhis simple shift in biosensing
strategy essentially converts electroactive interferents intmatytes, measured at the same place
and time>® This powerful and novel approach has been expanded to -thetection of DA and
glucose’”*8DA and lactaté®*°and DA and glutamat® in live brain tissueFigure 4 showcases
data collected on glutamate oxidase (top), lactate oxidase (middle) and glucose oxidase (bottom)
microsensors. This technology opens a new realm of possibilities for understanding how

neurochemicals work synergistically to modulate function.
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Figure 1.4 Graphical representation of the microbiosensor paradigm. When coupled with FSCV,
nontelectroactive substrates can be electrochemically detected, including glutamate (top), lactate

(middle), and glucose (bottom).

Genetically Encoded Sensors for Direct Neurotransmitter Detection

The advent of photometric sensing techniques has resulted in new opportunities for
discovery surrounding how neuromodulators in specific circuits can encode and affect behavioral
outputs. The use of photometric sensing techniques has exploded over ttiecpdst offering
neurochemical specificity for molecules that were previously inaccessible to mieague This
technique uses specific wavelengths of light to measure fluorescence from sensing of

neurochemicals resulting from a conformational chaagetartificial biosensor protein expressed
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specifically for sensing purpos&'s®> Researchers have designed siffslerescent protein (FP)
based sensors for the detection of a variety of neurochemical signaling molecules,
neurotransmitters, and neuromodulators. Common sensor domains used are built with components
of calmodulin®® cAMP-binding domain$? microbial periplasmic binding proteins (PBP3)r
G-proteincoupledreceptors (GPCRS$¥.%8 In comparison to classic techniques for monitoring
brain function, fiber photometry offers signals with molecular and cellular specificity and it
operates on a temporal resolution that is much faster than typical microdialysis experiments. These
sensors &ve been used in a variety of model systems including zebrafish, rodents, and
drosophilé %8 1 Overall, this technique is exciting and significant due to the breadth of sensors
available and the approachability of the technique for monitoring neurochemical dynamics.
Genetically targeted fluorescent protein sensors have been widely used since the first
advent of a GCaMP sensor, which was designed to report on calcium dynamics as a proxy for
neural activity?*’>The GcaMP construct fuses a circularly permutated green fluorescent protein
(cpGFP) to the calciushinding motif of calmodulif? In the presence of calcium, a
conformational change in the chromophore environment occurs, which results in folding of the
circularly permutated fluorescent protein (cpGFP) and an increase in fluorescent intensity. Optical
intensity reflects the relativamount of target bound sensor at the tip of the fibemd
guantification is achieved by measuring the change in fluorescence in comparison to the baseline
s i g n ab). TiiesprRergEnce of this technology has not only led to the development of multiple
variations of the GcaMP sensor in a range of colors, but also has laid the foundation for researchers
to develop a palette of genetically encoded sensors, adapted froptaR&calmodulin strategy
(Table 1). In most cases, multiple sensors exist for targeting the same neurochemical (ex. DA, NE,

C&*, Ach, 5HT, cAMP, OXT) with differences in sensors tuned for ligand affinity, kinetics,

12



brightness, spectrum, molecular scaffold, and color. These sensors can be exprdséadd

circuits and on specific cell types, where they are often stable from weeks to months.

Table 11 Common genetically targeted protein sensors used favo fiber photometry.

Signaling molecules

Calcium (C%)

GCaMP6s,m,f
JGCaMP7s,f,b
JGCaMP8
JGCaMP7c
JRGECOla, 1b
R-CaMP2
XCaMP-B
XCaMP-G
XCaMP-Y
XCaMP-R
NIR-GECO2

Cyclic adenosine monophosphate (CAMP)

cADDis
G-Flampl

Protein kinase A (PKA)

FLIM-AKAR

Gamma-aminobutyric acid (GABA)

iGABASNFR

Dopamine (DA)

dLight1.1
dLight1.2
dLight1.3b
GRABDA2h,2m
GRABDA1h,1m
RdLightl
rGRABDA1h,1m

GRABNE1h,1m

Norepinephrine (NE) nLightG
nLightR
GRABS5HT1.0
. Serotonin (5-HT) PyschLight2
Neurotrans mitters iSeroSnER
GACh1.0
. GACh2.0
Acetylcholine (Ach) GRABACh3.0
iIAchSnFR
. Mtriaot
Oxytocin (OXT) Grabot
Glutamate (Glut) iGluSnFR
Orexin (OXA/OXB) OxLightl
ST AIKDG
Opioid Peptide Receptors L AIKG
pLight
Nociceptin/orphanin- FQ peptide (N/OFQ) NOPLightl
Adenosine triphosphate (ATP) GRABATP1.0
Neuromodulators Histamine (HA) GRABHA1h,1m
Adenosine (Ado) GRABAd01.0
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Two widely used constructs have been developeddtection of DA: dLight’ sensors
from the Tian lab, and GRAR 3sensors from the Li lab. With both types of sensors, the green,
fluorescent reporter domain (cpGFP for dLight, cpEGFP for GRAB inserted into the third
intracellular loop of the DA receptor and, upon DA binding, fluorescence increases. The dLight
sensors are a modified version of the D1R (dLight 1.1) and D4R (dLight1.2), while GaRye3
generated by modifying DRZ:%8 These photometric sensors have been used to measure DA
release in culture, slice, amdvivoto study drug and alcohol addictiéh’® learning and memory
paradigms’” " and sleepvake behaviorg? 82

A series of genetically encoded fluorescent sensors have also been developed to target NE,
namely (GRAR)®84and nLightG (green) and nLightR (réff)Like the DA sensors described
above, these sensors operate via insertion of the florescent protein into either the third intracellular
| oop domatiardr eh et & ie @QARrseatfoldp(ERARE) U o r -1ARhseaffold
(nLightG, nLightR). Importantly, these sensors have high ligand specificity, responding to both
NE and epinephrine without responding to structurally similar catecholamines, like DA. Several
genetically encoded sensors have alsonbdeveloped for detection of-BT using fiber
photometry,such as GRABHT,2® PyschLight2, and iSeroSnFR®’ These sensors were created
by specifically targeting many differenttT receptor scaffolds, using the strategy whereby the
third-intracellular loop of the chosen receptor was replaced with a circularly permuted fluorescent
protein (cpGFP). Interestinglthe iSeroSnFR sensor was created by modifying the binding pocket
of an existing acetylcholine (Ach) sensor (IAChSnFRO0.6) using a combination of computational
design and machine learning to guide-siéurated mutagene$fThis first of its kind, PBPbased
sensor demonstrates how bindimgcket redesign can provide for opportunities to efficiently

target neurotransmitters beyond the original analyte.
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Regardless of the measurement approach used, targeting one species at a time ultimately
results in an incomplete picture of the bigger system. Recent studies have focusedmession
of multiple sensors using distinct wavelengths/colors for simulteeecording of various
chemical species to make progress towards this%465*#° However, most commercial
instruments lack lightlispersing mechanisms to record the emission spectra of different sensors
simultaneously. As such, Cui et al. have written protocols to assemble and use single or dual
spectrometer systems for mesgnsorecording®® Cui and colleagues demonstrated functionality
of this approach by eexpressing green and red Ca2+ sensors (GcaMP6f and JRGECO1a) in the
direct and indirect striatal pathways, respectively, to simultaneously monitor neural activity in
these projectionsnifreely moving animal® Another example of cdetection was demonstrated
by Tian et al. for detection of DA with simultaneous?Oenaging, allowing for spatiotemporal
information on DA to be related to ongoing neural activity and, ultimately, to measures of learning
and goaldirected behaviot’ A study from Kaye et al. demonstrates a mfiltter photometry
approach to study interactions between NE, DA, aitil'5in freely moving mice subjected to
conflict decision making tasks.Each monoamine transmitter exhibited distinct activity that
encoded innate reward and threat during the task, but the signals were highly correlated at other
times, contributing to the understanding of the pathology behind anxiety. The rapid increase in t
popularity of these sensors demonstrates how advantageous and beneficial this technology is to
the field ofin vivo monitoring. The eveexpanding list of available sensors, eatese, and
minimal computational demand associated with data analysesdnaated limitless opportunities.
The idea of combining this powerful technology with classic electroanalytical strategies, like
voltammetry, is incredibly promising for further understanding of how a range of neurochemicals

work together to modulate brefunction and dysfunction.
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Choosing the Best Technique

When selecting a technique for medinalyte sensing, several factors should be considered,
as summarized ifrigure 1.5A. First, will the investigation target electroactive species,- non
electroactive species, or both? The time course of the stigly¢ 1.5B) and the desired temporal
resolution mustlsobe considered. For example, rapid fluctuations in neurochemical dynamics
will not be resolved if using standard microdialysis sampling coupled with chromatography;
however, slower dynamics over the tafigninutes time frame can be determined. Is it necessary
to measure absolute analyte concentrations, or are concentration fluctuations the critical question?
With all techniques, potential interferents must be considered. If the neurochemical content in th
region of interest is largely unexplored, microdialysis sampling may be a good first step to
gualitatively identify key neurotransmitters in the region. Additionally, the timescale of the system
perturbation also must be assessed. Each of these factstrdbendeliberated in order to choose

the technique that is most appropriate for a particular application.
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Figure 1.5 Summarization of the techniques discusggdTable summarizes the characteristics

of each technique which include considerations to make when choosing a detection paradigm
(*due to the size of microdialysis probes, targeted brain regions are limited to larger brain regions,
**analytes must be eleaactive to be detected with electroanalytical techniques except in cases
when the sensor can be modified to detect-e&lentroactive analytes (e.g. biosensors),
***quantification of analytes detected with photometric sensors is difficult because calisratio

are difficult to obtain due to differences in receptor express®nYimeline showing a direct
comparison between the timescale of neurochemical release, electroanalytical methods,

photometric sensors, and microdialysis sampling

Conclusions

Each of the neurochemical detection paradigms mentioned above has individual strengths
and weaknesses. Microdialysis sampling is highly advantageous for simultaneous assessing the
neurochemical landscape. However, the timescale required for microdiadysirgy is not
commensurate with that of neurochemical release, which precludes monitoring of rapid
neurochemical dynamics in ret@ine. Electroanalytical techniques allow for réiate detection in

discrete brain regions; however, the targeted analytafs} be electroactive, or the sensor must
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be modified with a coating (e.g. enzyme) to detectelentroactive species. Additionally, FSCV

is a backgroungubtracted differential technique, such that constant concentrations of
neurochemicals are challenging to assess. Notably, a modified verfsiéBECV has been
introduced to provide a solution to this limitation. F&san ControlledAdsorption Voltammetry
(FSCAVY*% incorporates a multiplseconddong period in the middle of the recording where

the potential is held constant to allow for adsorption of analyte to the sensor surface for subsequent
guantification of absolute concentrations. Photometric sensors oféeifisipy for specific
neurochemical ligands, boasting excellent sensitivity that is inherent to the fluorescent
measurement strategy. The use ofremombinase and fixed vectors allows for highly specific
control over a cell type or circuit of interestowever, there are also key disadvantages. The
designer receptors require several weeks for expression, and the signal ultimately depends on the
on/ off Kkinetics. Whil e these sensors typical
limit the temporal resolution, limiting the information that can be gained regarding transmitter
clearance or reiptake. Further, expression levels are variable and dependent on the surgeon. As
such, comparison of results across animal subjects or between laballenging. Finally,
guantification is difficult with fiber photometry because measurements are based on relative
changes in fluorescence rather than absolute concentrations, and the engineered receptors are
expressed in addition to the endogenous recgpidhich may affect biological function.

The development and implementation of each of these technologies has advanced the field
of monitoring molecules substantially, as each allows for neurochemicals to be monitored in
unique ways. Microdialysis sampling has the key strength of qualitativemiafmn that reveals
chemical identification in tissue, electroanalytical techniques can both qualitatively and

guantitatively assess neurochemicals in-tiaé, in discrete brain regions, and photometric
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techniques provide better temporal resolution and allow for neurochemicals to be monitored that
were previously invisible to classic techniques, or in instances that the spatiotemporal resolution
was not sufficient. The specific application of each of éhechniques has added significant
knowledge to the field of neurochemical monitoring. Since each offers their own specific strengths
and weaknesses, there is no single perfect technique. However, it is our belief that the combination
of these popular seing) techniques will offer new possibilities and will greatly advance the world

of multi-analyte sensing.
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CHAPTER 2: Unveiling Dopamine and MetEnkephalin Dynamics: Simultaneous Ce

Detection in Rat Striatum
The following work was conducted in collabora
Jovica Todorov and Kalynn Turner, and with Dr.
t he Neuroproteomics aemn NEallflb m&t ghal omgcat Céh

I 11 i noiCshaUrplad myan .

Introduction

Over the past several decades, many studies have investigated striatal dopamine (DA)
transmission with respect to rewarlated learning and godirected behaviof'.? Drugs of abuse,
including opiates like morphine, act on the dopaminergic sydterefore contributing to many
of the rewarding and motivational actions of those dflfg®espitedecades ofesearch focuesi
on DA in this context there remains no effective treatment for drug abuse and addiction.
Undoubtedlypther neurochemicals are actingandon, this system to shape circuit function and,
ultimately, functional output (behaviorProhormone precursors for thexd®genous opioid
neuropeptides (EOPs) and their receptors are broadly expressed throughout both the peripheral
and central nervous systefs? and are heavily involved in modulating the response to pain,
hedonic and motivational aspects of reward processing, and a rarpsiofphysiological
functions including heart rate and breathiftf 23 In striatum opioid neuropeptides play an
important role in mediating maladaptive and affective revsaeking behaviorg' 26 As such, it
is important to understand the extracellular kineticeefé¢ n k e p h-&INIKn @Md r,el at ed
anddemonstrate the physiological conditions r

inform thedevelopnent of newtreatment strategies for substance abuse disorders and addiction.
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Techniqueshat arecommonly used to monitor and measure neurochemircaltiinclude
microdialysis?”3° photometric technique¥'3® and a range of electroanalyticstrategies” 4°
Most of the existing work has focused on monitoring one molecule at a timeh®/ithst majority
of studies focued primarily on DA. Realtime detectiorof the opioid neuropeptidekas proven
difficult becausehey are thought taxistin the extracellular space transiently, atdrery low
concentrationé! Prior investigations of the EOPs have revealed information regattismg
structure anaexpression of precursor protein molecules, opioid receptor expression and binding
affinities, and opioid peptide circuité** The opioid neuropeptidggomiscuouly bind multiple
receptors with a range affinities, and are readily broken down &uite ofprotease activityas
reviewed previously® In one seminal studENK was detected in thdorsal neostriaturaf awake
rats using microdialysis coupled with HPIMIS during approach and consumption of an
unexpected food rewar8.However, this approach is challenging because the peptide analyte
adheres to the plastic tubing and, in order to collect sufficient material in the dialysate, the temporal
resolution associated with the measurement is low (10s of minutes per dataTgwnt)any
difficulties associated wittmonitoring these molecul@s situhas left several importaguestions
unanswered regardinfgndamental aspects opioid peptide signalinghat underlieboth brain
function and dysfunctiorfzor instanceawi d e Idy hlyg@lot hesi s suggests th
are required foff* mewevwprempamadkcesetibks@ehylsowl! og
condi tions rogdwiirdea ¢ etpda saedleadettduinet i nct from th
mor e clsansmdadllcead y& esrneltetaesre .

In this work, fastscan cyclic voltammetry (FSCV) was coupled with carbbar
microelectrodes (CFMESs) for simultaneousdmiection of DA and MENK release at single

recording sites in rat striatal brain slices. The voltammetric measuremnmsags specifically
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designed modified sawhorse waveform (MSMY)ninimize sensitivity to DA while maximizing
sensitivity to MENK, previously developed and described by the Sombers gfoim esolimbic
DA release was minimizaeasinghM4Di, an inhibitory DREADD (Designer Receptor Exclusively
Activated by Designer Drugspecifically expressesh the midbrain DA projection to striatuth.
> The release dDA and M-ENK waslocally evokedand the analytes were directly compated
characterize the extracellular kinetics of eactesponse to a range of stimulation frequencies and
durations Finally, M-ENK detection was validatadsing an independent approdabatcombired
solid-phase extraction with liquidnromatography mass spectromgtr¢-MS/MS) >°

Through this work, we have identified and explored key differences in the kinetics of
important signaling molecules and their sphere of influence in striatum. The results show that both
DA and M-ENK are released in response to local stimuladiuhthat theelease of both molecules
scales with stimulation intensityThe datademonstrates thafl-ENK exhibits a unique biphasic
profile in the extracellular space with a lifetime thaBi4 times longer thathat of DA measured
in the same space aatithe saratime. Notably, these results are consistent with the idea that at
least two forms of ENK are released; one tharéesprocesse@nd able to bindpioid receptors
and a longer formthat requires furtheproteolytic processing in the extracellular spa&y
comparing ENK dynamics to those of DA, which serves as a sort of internal standard, the data
demonstrate that ENK ultimately affects a much larger population of cells in striatum. Modulation
of the balance between these signals may provide a mechémistffiect striatal function
potentiallyenabling flexible circuit output and shifts in behaviddespite both neurochemicals

beinglocally releasedt the same place and time.
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Results and Discussion

The Modified-Sawhorse Waveform for Simultaneous Detection of Dopamine and Met
Enkephalin

Fastscan cyclic voltammetry (FSCV) is a weltablishedand minimally invasive
electranalyticaltechnique for monitoring rapid changes of neurotransmitters in the \within
high spatial and temporal resoluti®t?® While this method has been implemented to monitor
many kinds of neurotransmittems vivo, the electrochemical detection of tyrostmntaining
neuropeptides, such as thadogenous opioid peptislgpresents significant challenges. These
moleculesare readilybroken down by proteases and tend to foul the electrode surface upon
oxidation, making reproducible measurements diffitlitt. All of the opioid neuropeptides
contain the core sequence motif (Agly-Gly-Phe) at the Merminus, defining the pharmacophore
for binding to classical opioid receptdfsit is typically challenging to detect large peptide
molecules in tissue due to steric hindrance at the electrode surface that hinders electron transfer,
and poor penetration of large species into microdialysis prétmsever, meenkephalin (M
ENK) is a small, fiveamincacid peptide that begins with tyrosine (Tyr) on théeNninus and
terminates with methionine (Mebh the Gterminus Figure 2.1A).

Of the amino acids in MENK, the Tyr and Met residues are electroactive and can be
readily oxidized in the potential window accessible to carbon sensors in aqueous solution. The
electrochemical signatufeyclic voltammogram, CVjhat results fromthe combination of these
amino acidsexhibits two distinct oxidation peaks(Figure 2.1C, red) which can be used to
qualitatively identify andquantitatively monitor MENK, as demonstrated previousf® The
modified sawhorse waveform (MSWHiQure 2.1B) that is used to detect ENKas developed to

address specific challenges associated imitvivo measuremenist employs three distinct scan
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rates tooptimize sensitivity to M-ENK while minimizing sensitivityto DA.*® This unique
waveform minimizes interference from catecholamines, which are abundant in striatum and easily
oxidize at~0.45 Vduring theinitial phase of thevoltammetricsweep(Figure 2.1B). As per the
RandlesSevcik equation, faradaic current in a voltammetry experiment scales with the square root
of scanrate®®? The relatively slow scan rate of 100 V/s betwe@® V and 0.7 V limi the
current generated from catecholamineshancingselectivity for MENK.%2 The Tyr residuén

M-ENK oxidizes at-0.9 V, in the second phase of the MSWAIigure 2.1B, purple). To maximize
oxidation current in this segment of the voltammetric swaégster scan rate is incorpora(é@0

V/s), increasingsensitivity toM-ENK.%* The Met residue is oxidized at the top of the waveform,
at~1.3 V (Figure 2.1B, green).®® The productgenerated itviet oxidation adsorb to the electrode
surfaceresulting in electrode fouling. Thiguling significantly reducsthe electrochemical signal

over time. To mitigate this, the potential is held constant at 1.3 V for 3 tmseadizeand strip

the carbon surface itseff essentially renewing it with each sc&igure 2.1B, green).
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Figure 2.1 Fastscan cyclic voltammetry for the aetection oDA andM-ENK. A) The structure

of metenkephalin (MENK) with its two electroactive amino acids, tyrosine (purple) and
methionine (green) The modified sawhorse waveform (MSW) forBNK detectionC) Cyclic
voltammograms (CVs) for standards of dopamine (DA) (left) arEINK (right) recorded using
the MSW.D) Calibration lines to determine sensitivity for DA (blue) aneEINK (red) f = 3
electrodes per analyte, error bars reflect + standard deviation (SD)).

A series of CVs were recorded for DA standards in a-teWapparatus using the MSW.
Figure 2.1C (left) demonstrates the characteristic voltammetric response for DA oxidation and
the subsequent reduction @A orthoquinone, with theredox current increasing in a
concentratiordependent manner. Likewis€yVs for standards of MENK (Figure 2.1C, right)
show two distinct peaks for the irreversible oxidation of Tyr (first peak) and Met (second peak),
similarly dependenton analyte concentrationThese datademonstratethat the MSW can
distinguish DA and MENK across a range of physiological concentratfdi&The sensitivityto
M-ENK (18.2 £ 0.5 nA/uM) is notablgreaterthanthat toDA (9.6 £ 0.6 nA/uM), Figure 2.1D,
ANCOVA, F(1,38) = 119.7, p < 0.000I)he detection limits were determined to be ~13 £ 1 nM
for M-ENK and 20 £ 5 nM for DA (signal that corresponds to 3 standard deviations of the noise).

Thesein vitro measurements provide characteristic signatures and sensitivitsesvi®o as the

foundation for a&hemometric analysisf unknown data collected in rat striatal tissue
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Estimation of DA and M-ENK Concentrations in Rat Striatum Using Principal Component
Regression Analysis

Rapid changes iDA and M-ENK concentrationsvere simultaneously recordatla single
carbonfiber microelectrodén response to lacalbiphasic electrical stimulation (20Hz, 20 Pulses,
200 pA) of a rat brainslice containingthe nucleus accumbens (NAc). Immediately following
stimulation, a robust tissue responseas observed, as indicated by the bolus of color in the
representative color ploEi{gure 2.2A). A CV extractedat ~12 sec(blue dashed linefeatures a
peak at-0.4 V, corresponding to oxidatiar DA. Additionalanodiccurrent wasecorded at1.3
V. This signal peaked33 secs after stimulation onset. To putatively identify the analytes recorded,
the CVs extracted from theaw data shown in theolor plotwere directlycompared tahe CVs
for thein vitro standards of the purported analytég(re 2.2B, C). The CV extracted 2 sepsst
stimulation Figure 2.2B, blue) is overlaid witha normalized CV for a DA standafigure 2.2B,
black trace). Peak positions match welfentifying the first analyte as DA, consistent with a
heavy dopaminergic input to striatif° The CV extracte@t~33 secsKigure 2.2C, red trace)
correlates well withthat for he scaledM-ENK standard(Figure 2.2C, black trace). These
voltammetric data suggestat the complex signal captured in the color plot contains significant
contributions from both DA and NENK.

A more rigorous analysis of the datsedprincipal component regression (PCR) analysis
to deconvolute individual chemical contributiots the in vivo data. PCR analysis is an
unsupervised multivariate calibration method that combines principal component analysis and
linear regression to quantify the principal sources of variéiféén the analysis of voltammetric
data, the predictor CVs, often called a training set, are obtaingtro from known standards

spanning the physiological concentration rangais training set is used to estimate the
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concentration of the same electroactive species in an unknown mixture (brain ‘GRGR).
reduces the dimensionality of the data by only keeping highly correlated, descriptive components
of the signal, such as the voltammetric peaks that change in intensity based on concentration.
Ideally, a wellconstructed training set would generatenpipal components that are orthogonal
to one another in multlimensional space.

Four different concentrations of DA&ifgure 2.1C, left) and MENK (Figure 2.1C, right)
were used for construction of the training sets. To ensure that the vainatiee signalwas
adequatelycaptured by the modeh Malinowskd &-test was used to objectively determine the
number components to be retained in the PCR model, which in this case w#s>tivoe
contribution of any variance in the data theats not assigned to a principal componisrghown
in the residual color plotRigure 2.2D). The PCR model effectively accoentfor most of the
signalin the color plot The squared cumulative variance at any given ti@{g, can be used to
guantitatively evaluatthe PCR modelKigure 2.2E). Here, theQ(t) valuelies below the 95%
confidence threshold)y= 13090 nAz2, horizontal red dashed lieyoss the recordingdicating
thatthe training set performs well and can provide accurate estimation of the concentrations of DA
and M-ENK throughout the experimer@hanges irDA (blue) and MENK (red)concentrations
areplotted as a function of timd-igure 2.2F), demonstrating distindtinetic profilesfor these

analytes.
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Figure 2.2 Quantification of individual chemical contributors to the complex sigAal.A
representative color plot of raw voltammetric data collected in a rat striatal slice. The time of an
electrical stimulation (20 Hz 20 Pulses, 200 pA) is noted (orange arBwA. vertical slice
through the color plot (2 sec after stimulation, blue dashed line), yields a CV (blue) that closely
matches that of a DA standard (bladR).A CV (red) recorded 33 sec (red dashed line in A) after
stimulation aligns well wittthat of a MENK standard (black)D) After PCR analysis, minimal
residual current remaing) The squared cumulative variance in the residual cur@ns, below

the critical valueQu = 13090 nA& (horizontal red dashed line), for the 95% confidence léel.

DA (blue) and MENK (red) exhibit distinct kinetics. Evoked DA concentrations rise and fall on

a faster timescale than those ofBIK.

Minimization of DA Interference

One of the primary objectives of this research is to characterize the conditions required to
elicit endogenous opioid peptideleaseand to directly compare themttwse required farelease
of moreclassic smalkignalingmolecules, like DA. Howevepioid peptides arthought to be
present atsignificantly lower concentrationghan catecholamin€DA), which is abundanin
striatum. As such, the Diput to the striatum was controllég employing Designer Receptors

Exclusively Activated by Designer Drugs (DREADDs), a wastablished chemogenetic
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approachDREADDsare synthetic receptqmeveloped fronhuman muscarinic (hM4) receptors
that are designetb beexclusively activated by synthetic liganftesigner drugsy ' The Cre-
dependentransgene encoding DREADD protein and a fluorescent tag (mCheas/inserted
into a viral vector (AAV) to enabk the expression of the DREADD transgene specificallpAn
(TH+ neurons) neuron&igure 2.3A). To achieve thisa secondargZre-recombinase AAyunder
the control of the rTH promoter, was surgicallyinfected into the ventral tegmental af®a A)

to express the DREADD proteselectively inlocal DA neurons** Following ~8 weeks of
protein expression, coronal brain slices were obtained and DREADD protein exprssion
confirmedusingthe fluorescent mCherry tagi¢ure 2.3B). Next, local electrical stimulation was
used to evoke DA and MNK release in the NAc. A representative color plot of raw vatiatric
data shows the characteristic release and reuptake ofFigaré 2.3C), which is robust in this
brain regionBath administration of JHU 37160 (0.1 uM) for one hour significantly decreased DA
release Figure 2.3D-F), consistent with literaturé (paired ttest, *** p < 0.001, n=8). Notably,
minimization of the large DA signal revealed a smalEIMK fluctuation that is visible in the color

plot (Figure 2.3D).
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Figure 2.3 An hM4Di inhibitory DREADD was used to minimize DA relea$g¢.An exogenous
transgene for DREADD protein expression was specifically targeted to DA neurons @3mg a
recombinase aderamssociated virus (AAV) driven by the tyrosine hydroxylase (rTH) promoter.
The AAV mixture was infused into the ventral tegmental area (VTA) and selectively expressed by
TH+ (dopaminergic) neurons. In the presence of the synthetic DREWgand (JHU 37160),
membrane hyperpolarization occurs through a decreaseMif® gdgnaling, causing a decrease in
intracellular calcium, and an increase in potassium efflux. This leads to an overall suppression of
DA cell activity. B) A representative widéeld fluorescence microscopy image confirming
protein expression with mChertgbeled DA terminals in the nucleus accumbens (N&¢)D)
Representative color plots of voltammetric data demonstrate the evoked DA signal be&jterand
onehour after application of JHU 37160. The DREADD ligand effectively decreases DA release,
revaaling M-ENK signaling.E) DA concentration grsis time traces extracted from C (purple)
and D (blue)F) Across all subjects, the electrically evoked DA signal decreased significantly in
the presence of JHU (n = 8 animals, students paitesit,t*** p < 0.001, error bars reflect +
standard error of the mean (SEM)).

Characterization of Evoked DA and MENK Dynamics
A widely held hypothesisuggests that neuropeptide release requitesd stimulation,

because more calcium is required nmbilize the large densmre vesicles that contain the
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neuropeptides than is required to evoke small clear vesicle exocytosis containing
cathacholamine®*’ This is because strong stimulation raises intracellular calcium levels high
enough to induce exocytosislafge dense core vesislewhich are positioned deeper within the
cell compared to the rapidly recycling vesicleg.investigate thisbiphasic electrical stimulations
wereapplied at a fixed frequency (B@) to examine the effect of stimulation duration {2310
pulses). The DA and NENK signals were quantified by integrating the area under the curve of
the resultantconcentration versus time traceThe datavere thennormalized to the lowest
stimulation(20Hz 20 Pulses) before averaging across subjeetd&ed DA concentrations scaled
with stimulation durationas expectedFigure 2.4A, paired itest, *** p < 0.001, n=§38
Interestingly, thelatareveakda biphasic release profiter M-ENK, with two distinct phasebat
wereevaluated independentlThe initial phase of ENK release coincideih therapidrelease

of DA (Figure 24B 1 orange). This signal reacliea minimum(inflection point) before rising
again to reflect aecond, largenolus of releaseM-ENK (Phase 2Figure 2.4B 1 pink). Overall,
M-ENK release was dependent on stimulation durdfogure 2.4C, F, unpaired ttest, *** p <

0.001, n=8) Notably,however,the first phase of the ENK signal was independent of stimulation
duration (p > 0.05), with the bulk of the change evident in the second phase of the signal when

stimulation duration was doubl€Bigure 2.4D, E, G, H, unpaired ttest, *** p < 0.001, n=8).
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Figure 2.4 Characterization of DA and MNK release as a function of stimulation duratiah.
Quantification of the area under the DA concentration versus time traces demonstrates that DA
release is directly dependent on stimulation duration (20 BlgM-ENK release exhibits an
interesting biphasic profile that can be segmented into phase 1 (orange) and phase @)(pink).
Quantification of the area under the BINK concentration versus time profiles demonstrates a
clear dependence on stimulation duratibnE) Investigation of each phase of the ENK signal
individually demonstrates that the stimulation dependent increase in ENK release is predominantly
reflected in the second phase of the sighat). The same data points individually plotted to
demonstrate signal variability, (n=8 animals, students unpaitest,t*** p < 0.001, error bars

reflect £ SEM).
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Dopaminergiceurons fire at a range of frequencies to redayard-related informatiorf™
""Thus, a train 020 stimulationpulsesvas applied at a range foéquenées (20, 60, and 100 Hz)
Theresultandata demonstrate thidite evoked DAsignal wasndirecly dependent ostimulation
frequency Figure 2.5A, n=8), consistent with prior studies that have demonstrated an important
role for local cholinergic modulation of this treffdOther studies have also demonstrated
diminished DA release &igh frequencieg~100 H2 in both raté® and mice® Interestingly the
data reveal a different trend for simultaneous ENK release. The amount of ENK released decreased
when the stimulation frequency was increased f&fiHz to 60Hz but this was reverseat the
highest stimulation frequency investigatéd0 Hz, Figure 2.5C, oneway ANOVA, Tu k ey & s
posthoc test*** p < 0.001, n=8).Whenthe M-ENK signalwas dividednto Phase 1 and Phase
2, no significant effect®f frequency werevident in the first phase of the sigiiglgure 2.5D)
with the entirety of the dependence evident in the second fiigsee 2.5E, oneway ANOVA
with Tukeyds poSdnd*p<0.a re=8 dnimals)Effqet ofstimulation was
examined in both male and female animals however, the results were averaged together because

the response profiles were similar (n= 2 females, and 6 males).
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Figure 2.5 Characterization of DA and MNK release as a function of stimulation frequemQy.
Quantification of the area under the DA concentration versus time traces demonstrates that DA
release is indirectly related to stimulation frequeryA representative MENK concentration

versts time trace, with phase 1 (orange) and phase 2 (pink) distinguidh@dantification of the

area under the NENK trace demonstrates ashaped dependence on stimulation frequeBbgy.

E) The stimulation dependent-ENK release is predominantly reflected in the second phase of
the signalF-H) The same area under the curve data individually plotted to demonstrate signal
variability (n=78 animals, onevay ANOVA wi t hhocTiestk *epy<609033p*d B <
0.002, *** p < 0.001, error bars reflect + SEM).
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M-ENK May Influence a Broad Population of Neurons

Throughout this study, the #NK concentration kinetics revealed an interesting and
distinct biphasic release profile. We further evaluated this by quantifying the latency required to
reach pealextracellular concentrations following stimulation. Extracellular DA concentrations,
on average, peaked 3 + 0.2 secs after stimulation onset (20 pulseX) B{x), while MENK
peaked significantly lateat 39+ 2.3secs Figure 2.6A, students unpaireatést, *** p < 0.001,
n=7-8). The increased time to reach maximum extracellular concentration suggests a difference in
the diffusional distancé&.he sphere of influence of each of these neurochemicals can be estimated
by sol ving Fi ckdmm, whezecthe diffusidn distanae is relhted td thediffusion
time (in three dimensions) througBduation 1) as follows:#!

1 Vg0o (1)

Solving this equationequires estimation of thdiffusion coefficient D) for each of these
species. The diffusionoefficient for catecholamines has been widely repdttdd-ENK (574
g/ mol) is |l arger than dopamine (153 g/ mol ), a
of the DA diffusion coefficient, based on prior studié®’ Here, the diffusion coefficient of DA
was estimated to be 8.2:16n¥/s, as reported previously for diffusion of catecholamines at a cell
surface®! As such, that for MENK was estimated to be ~5.6:16m7/s. Using these values, the
diffusional distance§ corresponding to the signals summarize#igure 2.6A, and inFigure
2.6C (top), were approximated to be 39 um for DA and 115 um feEMK (Figure 2.6B). These
values are consistent with previous estimates for the opioid peptiiéi<Land dynorphin. In
these studies, UV light was used to photolyze precursor compounds, converting them into active
peptides Similarly, recent studies comparable diffusion distances ofl1600 € m, demonst I

neuropeptides diffuse over a further distance than catecholaffiffe3ne study used cetlased
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neurotransmitter fluorescent engineered reporters (CNIFERs) combined with plasmonic
nanovesicles, as an advanced optical method to map neuropeptide signaling within the mouse
neocortex, with somatostatin showi®Hpredah ef fec
ENK and DA were released in response to the same stimulation and recorded at the same site. The
data indicate that MENK remained in the extracellular space 3x longer than DA. As such,
neuropeptidaffects larger populations of neurons, consistent with its role as a neuromodulator.

As previously mentioned, a popular hypothe
are required to elicit the releaseceavfoppaus ®@d et
mor e cl| asmdlced ulsensanilt t er s-c Isd aorr ede sinclsensal | To i
hypot hesi s, the tissue was stimulated at diff
pul ses) and the results directly compatrieodn by
ver sus tHingeBGo®u.r viche | arge el ectrical stimul at.
of both -BDMK,anamidp hdaei ¢ ENK kinetics -werenscioinyp ¢
(6Hz 120 Pul ses) stimul agd i 200 % eisrud nteasa ni mpAHUCG
750% 1 ncr eas e NiKn cloUnp afrarch tNe o sHzt 200 20Ul ses) st

(Figaee bar graphs;t esttudent s <p &@i.roedd2 ,t n = 6)

Finally, the unique biphasic kinetics of neuropeptide release were explored. The ENK
concentration versus time traces (n = 8 animals) were averggend 2.6D, black trace, 20 Hz
40 Pulses) and then fit to two separate models that were ultimately combined to capture both phases
of release. Phase 1 was fit to the wadlaracterized Michaelislenten model quantifying

neurotransmitter release and reuptake kinéfics:
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whereVmax(the limiting rate of the transport) aGh (the concentration of the species at the-half
maximum rate) are constants that describe the rate of transmitter clearance after initial release. No
reuptake transporter has been identified for the opioid peptides; rather, these molecules readily
undergo poteolytic cleavage in the extracellular spatHonetheless, fitting the NMENK release

profile using the Michaelidlenten equation resulted in the orange tradéigure 2.6D, with an

Rz value of 0.982, indicating a good fit with the experimental data for the first phase of the biphasic
release profile.

Following the first phase of release; MNK concentrations rose again with a concentration
versus time profile that resembled the kinetics expected for an intermediate electroactive species,
(B), generated and then immediately consumed in two consechiti'enci c al r eacti ons,
B Y C, wit hkiandke, espectvelys Thia sittaton would be expected if electroactive
M-ENK were cleaved extracellularly upon exocytotic release of a larger prohormone (compound
A, not electrochemically detectiah, and then further degraded by extracellular protease activity
to form compound C (also undetectable at the electrode). This model is consistent with literature
describing proteolytic processing of proenkephalin and the opioid peptides cleaved from this
hormone®®® In this case, the concentration of intermediate species, B, can be described by

Equation 3**

00 0 — Q Q o
where,C(B) represents the concentration of the electroactive compoufieNK) generated as a
function of time (t) after the onset of the rise in sigra), @nd the initial concentration of
compound A (larger precursor peptide) is representedobyl@s equation (red trace) fits the

experimental data well during phase 2 of reledSgufe 2.6D, R> = 0.988), allowing for

estimation of the rate of formation of-ENK from a larger precursoki=0.3862 &) and the rate
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of clearance of this compoun#¥ 0.0363s?) over time. It remains unclear how much ENK
clearance is due to diffusion as opposed to proteolytic processing. However, the biphasic data is
consistent with the idea that ENK is released as both a small molecule and as a larger precursor

protein that idurther cleaved in the extracellular space.
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Validation of M-ENK Signal using Mass Spectrometry

To independentlyvalidate thecomplexM-ENK signal, we turned to aomplementary
analytical approach using liquid chromatogragiaired with tandemmass spectrometry (L-C
MS/MS). For this set of experimenthe fresh striatal slices wemamobilized in a sterile petri
dishandC-18 coated soligphase extraction (SPE) beads were carefdbitionedontissue inthe
NAc. A series of electrical stimulatiomgasperformedusing the stimulation parameters employed
in the electrochemical experimenktere, @ch tissue sliceeceived 5 electrical stimulations with
a rest periof 3 minutes between stimulati®ftotal of 15 minutes per sliceThe beadsare
designed toentrap species releaseth response to the electrical stimulatidrigure 2.7A),
protecting from further proteolytic processifidhe beads were carefully collectethd processed
in a series of stabilaion rinse, and release steps to elute the captured pefrbdethe beadsas
described previousl? Finally, the eluted material was chemically oxidized for improved stability,
which enhances detection of the opioid peptitfeSThe eluted materiakas analyzed using L-C
MS and the experimental isotopic mass speigure 2.7D) were compared tthe theoretical
isotopic mass spectrum for oxidized BNK (Figure 2.7B). Additionally, a series of commercial
M-ENK standardsvassimilarly processednd analyzedHigure 2.7C) to definitively demonstrate

that MENK wasreleased from the tissue using this protocol.
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Figure 2.7 Independent validation of the {MNK signal by SPE coupled with L-RIS/MS
detectionA) Workflow for SPE sampling. The neuropeptides released in response to stimulation
were extracted into solighase resin beads positioned on the tissue slice during electrochemical
measurement of DA and {ENK. Neuropeptides were then eluted from the beads@-MS/MS
analysisB) The theoretical isotopic mass spectrum for oxidizeBINK, C) a representativeass
spectrum collected for an oxidized-ENK standardandD) an example spectrum collected from
brain tissue releasate showing an oxidizeNK signal.

Conclusions

This study providesignificant insight into the reagime dynamics oDA and MENK
release in the striatuby relating the time course of these signals, recorded with the same electrode
at the same place and time, to one ano®ienultaneous caetection of these neurotransmitters
using a specifically designed modified sawhorse waveform (MSkvealed ignificant
differences in the kinetics and release profiles of DA arENK in rat striatum supporting the

hypothesis thaboth dopamine and opioideurogptide releasescale with local stimulation
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intensity Importantly, the results demonstrate that these two neuromolecules have different
lifetimes inthe extracellular space, and diffusion distandegen though both neurotransmitters

are released from the same termintisy could affect different population of cells to impact to

drive affect gtiatd output or function.Additionally, the biphasic nature of the -ENK
concentration versus time trace suggests that at least two forms of ENHfeasedOne species

that is already processed, and &aeotthat is retained in a longer form that needs further cleavage
before it can have an effedtinally, the identity of MENK was validatedusing solid-phase
extractioncombined withliquid chromatographynass spectrometry (L-81S/MS), confirming

our electrochemical detectio®verall, the resultsnderscore the complex interplay between DA

and endogenous opioid peptides (EOPSs) in the striatum, highlighting their distinct roles in
modulating rewardelated behaviors and physiological functiofi$is reseaie contributes
valuable insights into the mechanisms of neurotransmitter release and their interactions, offering
potential avenues for developing improved treatment strategies for substance abuse disorders and

addiction.

Materials and Methods

Chemicals. All chemicals (95% assay, Optima LCMS or HRMS grade) were
purchased from Sigma Aldrich Co. (St. Louis, MO) unless otherwise spe@8fied.experiments
were performed in artificiaterebrospinal fluid (aCSF; 119 mM NacCl, 2.5 mM KCI, 1mM
NaHPQs-H20, 26.2 mM NaHC@ 11 mM D(+}glucose, 1.3 mM MgS£7 H.0O, 2.5 mM CacCl),
made as a 10x stock solution and diluted to 1x on the day of the experimerdargahgdistilled
water (018 MqL c-@,Biledda,l MA). ompressedviahd 5% CO2/95% O
mixtures were purchased from ARC3 Gases. The DREADD agonist ligand, JHU 37160

dihydrocholride, was purchased from HelloBio and diluted to 1 mg/mL (2.3161 mM) aliquots with
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DI water. For all solid phase extraction collectioalf,aqueous solutions were prepared using
Optima LGMS grade water.

Genetic Constructs. All genetic constructs were packagég and purchased from
Addgene.F o r t hese experiment s, t he i nhi bitory
Exclusively Activated by Desi ghbgnDIODMADEE)0) was
mCherry, a gift from Bryan Roth (Addgene plasmid # 44362; http://n2t.net/addgene:44362; RRID:
Addgene_44362). This transgene was packaged in a dovaded open (DIO) reading frame,
and also included a red fluorescent protein (mCherry) to aid in determinatiDREADD
expression through fluorescence microscdyguronal specificity for TH neurongas achieved
usinga secondary THCre recombinase packaged i@ AAV.rTH.PIl.Cre.SV4transgenga gift
from James M. Wilson (Addgene plasmid # 107788; http://n2t.net/addgene:107788; RRID:
Addgene_107788), was used. Both viral components were diluted using sterile phosphate buffered
saline (PBS) to achieve the target titer of 2%1@/mL.

The hSymDIO-hM4D (GiyrmCherry and rTH.PL.Cre.SV4 plasmids were previously
described.Briefly, the Crerecombinase expression is driven by a tyrosine hydroxylase (TH)
promotor, which restricts the expression to only TH+ neurons (dopaminergic). The second
DREADD construct is driven by a generalized promotor (hSyn), but it is retained in a DIO
configuration,which requires Cre recombinase present to reorient it to be active and expressed.
Using a combinational viral approach, previously demonstrated by @aRdiss and colleagiés
TH-Cre recombinase was infused into the area of interest with the secondary const@uet for
dependent expression of the inhibitory DREADD (1:1-Tk recombinase: DREADD (1x10
vg/mL, 1.2uL total volume infused, 0.6pL bilaterally)). Whenintused into the VTA, selectivity

is achieved as Cre is expressed only in the dopaminergic (TH+) neurons and which are the only
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cells to express the DREADD. Expression was further confirmed usingfieiddluorescence
microscopy to image the terminals in the ventral striatum on the day of the experiment.

Animal Subjects and Care.All animal care and use procedures followed North Carolina
State University Institutional Ani mal Care ant¢
Guide for the Care and Use of Laboratory Animals. Adult male and female Sipaguey rats
(2755009g,Charles River Laboratories) were pair housed in a temperature and hecoialitylled
environment (12h/12h ligkdark cycle, with unlimited access to food and water) for at least 2 days
prior to genetic manipulation. After geneti@nipulation, animals were singh®used with extra
enrichment in a temperature and humidigntrolled environment (12h/12h lighark cycle, with
unlimited access to food and water) for ~8 weeks, until the slice experiment was performed.

Stereotaxic virus injection. Animals were anesthetized wiP6 isoflurane (5 min, 2
L/min O2) and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Isoflurane
levels were maintained at ~2:08. 0 % f or the duration of the p
temperature was mai ningpad amdl hydration3was ceeCkedveveryl5 a h «
minutes. The scalp was shaved and cleaned with betadine and alcohol and the skull was uncovered
by making an incision vertically along the scalp.

Two small holes were drilled above the ventral tegmental area (\\bA fnm AP, +/

0.9 mm ML relative to bregma3.0 mm DV relative to skull) to emject a combination of hSyn
DIO-hM4D (Gi}mCherry and rTH.PIL.Cre.SV4, according to coordinates fronPtrénos and
Watson rat brain atl&¥.The protein was gradually infused at a rate of 0.1 pL/minute through a
microinfusion needle attached to a Hamiliton syringe controlled by a microinfusion pump.
Following infusion, the microinfusion needle was left in place for 10 minutes to prevent spread

the protein during removal. Animals were sutured and removed from isoflurane. Once ambulatory,
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acetaminophen was administered orally €B00 mg/kg, ~0.2 0.4 mL, offered every-82 hours

up to 48 hours posiperation) and antibiotic ointment was placed on the incision for up to three
days followed by close observation for five days. Animals wefted heal for ~8 weeks, during
which time the protein was expressed.

Carbon-Fiber Microelectrode Fabrication. Insulated carbofiibers microelectrodes
were fabricated in house, as previously describdtiefly, a single 650 carbon fiber (7 pm
diameter, Cytec Industries) was aspirated into a borosilicate glass capillary tube (1.0 mm external
diameter, 0.5 mm internal diameter, 10 cm longyiAystems) using a vacuum pump so that it
extended from bothnels. The capillary was then heat pulled using a vertical micropipette puller
(PE-21, Narishige) creating two tapered separate electrodes with the carbon fiber extending
between them. The carbon fiber is manually cut to 100 um in length, using an opticzaope
and a surgical scalpel. Finally, a stainlet=el lead wire coated with conductive silver paint (GC
Electronics) is inserted into the back open end of the capillary, allowing for electrical connection
with the carbon fiber. All microelectrodes rgecharacterizedn vitro with fastscan cyclic
voltammetry (FSCV) performed using a flow injection apparatus inside a cimtibtygrounded
Faraday cage. Voltammetric calibrations were performed for dopamine arenkegthalin
prepared in PBS.

Electrochemical measurements Electrochemical measurements were made using a
potentiostat (Universal Electrochemistry Instrument (UEI), University of North Carolina
Department of Chemistry Electronics Facility) interfaced with a fstage amplifier (Pine
Research Instruments). Potestiat control and data acquisition were accomplished using HDCV
software (University of North Carolina Department of Chemistry Electronics Facility) interfaced

with the potentiostat through a PCI Express multifunction I/O ate({PCle6363, National
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l nstruments) . Al l el ectrochemical measur emen
waveformo which combines multiple voltammetr.
each sweep (vs Ag|AgCGR.4 to +0.7 at 100V/s, +0.7 V to +1.3 V at 600 V/s,dhal +1.3 V for
3 ms,-0.4 V holding potential, 10 Hz). Waveform was applied once during each recording over
the course of 6020 £c Background subtraction and digital filtering were performed after data
acquisition using HDCV Analysis software (Univeysiof North Carolina Department of
Chemistry Electronics Facility). To better interpret current changes over time across potential
sweeps, cyclic voltammograms were unfolded and assembled by concatenating sequentially
collected voltammograms and currents plotted in false color.

Brain Slice Experiments.Animals were deeply anesthetized with 5% isoflurane (7 min,
2 L/min &) followed by rapid decapitation. Brains were rapidly extracted and sliced coronally
into 400 um thick slices using a vibratome (NVSL, World Precision Instruments). Striatal slices
were transferred to a holding chamber containing rtemperature aCSF (118M NaCl, 2.5
mM KCI, 1 mM NakhPQ, 26.2 mM NaHCG® 11 mM glucose, 2.5 mM Cafand 1.3 mM)
bubbled with a C@O2 mixture (5% CQ and 95% @) and allowed to restor 1 hr. For
measurements, brain slices were transferred and immobilized in a perfusion chamber mounted in
the path of an upright microscope (Eclipse FN1, Nikon) enclosed in a grounded Faraday cage.
Slices were perfused with aCSF bubbled with the/O®mixture using a peristaltic pump (1
mL/min, Minipuls 3, Gilson). A carbecfiber microelectrode was positioned near the nucleus
accumbens (NAc) using a micromanipulator (LBMScientifica). A bipolar tungsten stimulating
electrode (FHC Inc.) was positicshaear the carbefiber microelectrode in the NAc. During the
experiment, slices were perfused with the DREADD agonist, JHU 37160, added into the aCSF

CO/O2 mixture using the peristaltic pump (1 mL/min). Voltammetric recordings were collected
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every 57 minutes in response to biphasic stimulation. To determine the dependence of analyte
concentration on stimulation, the number of pulses and frequency were varied throughout the
experiment as noted. Approximately three replicate recordings waamedbtat each stimulation
parameter before and after the introduction of the DREADD agonist.

Independent Signal Validation Using Solid Phase Extraction (SPE) and Mass
Spectrometry. Animals were deeply anesthetized with 5% isoflurane (7 min, 2 L/min O
followed by rapid decapitation. Brains were rapidly extracted and sliced coronally into 400 pum
thick slices using a vibratome (NVSL, World Precision Instruments). Striatal slices were
transferred to a holding chamber containing reemperature aCSF (1189M NaCl, 2.5 mM KClI,

1 mM NahPQy, 26.2 mM NaHCG@®, 11 mM glucose, 2.5 mM Cagind 1.3 mM in Optha LCMS
grade water) bubbled with a @O- mixture (5% CO2 and 95%APand allowed to rest for Irh
prior to SPE sampling.

To a lobind PCR vial containing pure acetonitrile, a collection of C18mesin D beads
were added to prime and condition the beads prior to their use. The beads were centrifuged down
with a benchtop centrifuge, and acetonitrile was removed with a pipette. tNexteads were
primed with aCSF perfusion buffer.

A brain slice was transferred into a sterile small petri dish surrounded by enough aCSF to
cover the slice (2puL). Conditioned C18 beads (~1Q5 uL) were applied onto the tissue slice
allowing the beads to sink and settle on the slice. Beads were posttiomsel hemisphere with a
focus on the ventral striaturlectrical stimulation was applied using a biphasic stimulating probe
(frequency varied between 20 and 60Hz, # of pulses varied betweE203fllses, amplitude 2,
pulse length 2ms, start delay 20ms, duration ushg HighDefinition Cyclic Voltammetry

software (HDCV, University of North Carolina at Chapel IHilAll brain slices received 5
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electrical stimulations with a rest period of 3 minutes between stimulation (total of 15 minutes per
slice). The tissue sample was acidified and stabilized with glacial acetic acid (5% v/v, 100 puL).
The sample was gently swirled with a micropipette to resuspend the beads. While tilting the plate,
the solution including the beads on the tissue, was carefullyctadiénto a sterile PCR vial. The
suspended bead solution was centrifuged at 4000 RPM and the supernatant was désdas#ed.
solution (100 pL;2% v/v acetonitrile and 0.1% v/v formic acid in water) was added to the beads
and suspended. The suspended bead solution was centrifuged at 4000 RPM, and the supernatant
rinse solution was discarded. Finally, a releasing solution (100 pL; 70% v/v adkta@mitt 30%
v/v of 0.1% formic acid in water) was added to resuspend the beads to be incubated for 15 min.
The beads were once again centrifuged at 4000 RPM and the supernatant containing the peptides
was carefully collected into a sterile;lind PCR vi& All spent beads were discarded. Methionine
was oxidized in select samples via an oxidation reaction (100 uL of 1M acetic acid and 10 pL of
30% hydrogen peroxide, incubate 37°C, 30 min).

The release samples obtaineere dried in SpeedVac, reconstituted in formic acid (0.1%
v/iv in water, 10 ¢l ), and spun at 14,000 RPM
resulting supernatant was used for validation of th&NK signal through nanoL-@anoES]
TIMS-MS/MS (Bruler, Billerica, MA)

Data Analysis and Statisticsindividual analytes were resolved from voltammetric data
using principal component regression (PCR), performed with HDCV Anablsidata presented
are shown as the mean * standard error of the mean (SEM) or + standard deviation (SD), as
denotedFor statistical analysis with PCRaining sets were constructed of cyclic voltammograms
collectedin vitro for standards of MENK that span the physiological range. For DA PCR analysis,

anin vivotraining set for DA was constructdy using backgroun@Vsfrom the raw data of DA
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at low and high concentrationslhe quality of the training set was evaluated by analyzing the
orthogonality of the components. Data was selected for quantification based on the 95%
confidence thresholdQa). Stimulation artifacts present in the traces during and immediately
following the electrical stimulation were manually excluded from analysis. Before combining data

and running statistics, data was subminedt ed t
extreme values in the data are significant outliers from the rest. If an outlier was found, it was
manually removed from the data before being wonkedUnless otherwise noted, graphical

analyses were carried out using GraphPad Prism 8 (Graplifad®, Inc., La Jolla, CAAIl
statistical analysway (SNOWVAD swWwi tohutTuley G smyl toi
onetailed students pairedtést, ondailed students unpairedtdst) were performed with
GraphPad to determine significance in the data. In all caggsficance was designated at p <

0.05.

58



References

(1) Syed, E. C. J.; Grima, L. L.; Magill, P. J.; Bogacz, R.; Brown, P.; Walton, M. E. Action
Initiation Shapes Mesolimbic Dopamine Encoding of Future Rewbhats Neurosci2016
19(1), 34 36. https://doi.org/10.1038/nn.4187.

(2) Hamid, A. A.; Frank, M. J.; Moore, C. IDopamine Waves as a Mechanism for
Spatiotemporal Credit Assignment  preprint; Neuroscience, 20109.
https://doi.org/10.1101/729640.

(3) Howe, M. W.; Tierney, P. L.; Sandberg, S. G.; Phillips, P. E. M.; Graybiel, A. M. Prolonged
Dopamine Signalling in Striatum Signals Proximity and Value of Distant Rewsedsre
2013 500(7464), 575579. https://doi.org/10.1038/nature12475.

(4) Flagel, S. B.; Clark, J. J.; Robinson, T. E.; Mayo, L.; Czuj, A.; Willuhn, I.; Akers, C. A;;
Clinton, S. M.; Phillips, P. E. M.; Akil, H. A Selective Role for Dopamine in Stimulus
Reward LearningNature2011, 469(7328), 5357. https://doi.org/10.1038/nature09588.

(5) Cheer, J. F.; Wassum, K. M.; Sombers, L. A.; Heien, M. L. A. V.; Ariansen, J. L.; Aragona,
B. J.; Phillips, P. E. M.; Wightman, R. M. Phasic Dopamine Release Evoked by Abused
Substances Requires Cannabinoid Receptor Activatiddeurosci2007, 27 (4), 791 795.
https://doi.org/10.1523/JNEUROSCI.4168.2007.

(6) Roitman, M. F. Dopamine Operates as a Subsecond Modulator of Food Séekiegrosci.
2004 24 (6), 1265 1271. https://doi.org/10.1523/INEUROSCI.38282004.

(7) Fields, H. L.; Margolis, E. B. Understanding Opioid Rewdiregnds NeuroscR015 38 (4),
217 225. https://doi.org/10.1016/].tins.2015.01.002.

(8) Fricker, L. D.; Margolis, E. B.; Gomes, |.; Devi, L. A. Five Decades of Research on Opioid
Peptides: Current Knowledge and Unanswered QuestmisPharmacol202Q 98(2), 96
108. https://doi.org/10.1124/mol.120.119388.

(9) Nestler, E. J. Is There a Common Molecular Pathway for Addictiai?Neurosci2005 8
(11), 144%1449. https://doi.org/10.1038/nn1578.

(10) Kosten, T. R.; George, T. P. The Neurobiology of Opioid Dependence: Implications for
Treatment.  Addict. Sciecne Clin. Pract. 2002 1 (2), 13 20.
https://doi.org/10.1151/spp021113.

(11) Le Merrer, J.; Becker, J. A. J.; Befort, K.; Kieffer, B. L. Reward Processing by the Opioid
System in the Brain. Physiol. Rev. 2009 89 (4), 13791412.
https://doi.org/10.1152/physrev.00005.2009.

(12) Mansour, A.; Fox, C. A.; Burke, S.; Akil, H.; Watson, S. J. Immunohistochemical

Localization of the Cloned Mu Opioid Receptor in the Rat CN&hem. Neuroanal.995
23.

59



(13) Margolis, E. B.; Moulton, M. G.; Lambeth, P. S. The Life and Times of Endogenous Opioid
Peptides. 44.

(14) Margolis, E. B.; Hjelmstad, G. O.; Fujita, W.; Fields, H. L. Direct Bidirectiot@pioid
Control of Midbrain Dopamine Neuronsl. Neurosci.2014 34 (44), 1470714716.
https://doi.org/10.1523/JNEUROSCI.2144.2014.

(15) Smith, K. S.; Tindell, A. J.; Aldridge, J. W.; Berridge, K. C. Ventral Pallidum Roles in
Reward and Motivation. Behav. Brain Res. 2009 196 (2), 155167.
https://doi.org/10.1016/j.bbr.2008.09.038.

(16) Gerrits, M. A. F. M.; van Ree, J. M.; Patkina, N.; Zvartau, E. E. Opioid Blockade Attenuates
Acquisition and Expression of Cocatteduced Place Preference Conditioning in Rats.
Psychopharmacology (Berllp95 119(1), 92 98. https://doi.org/10.1007/BF02246059.

(17) Karim, F.; Roerig, S. C. Differential Effects of Antisense Oligodeoxynucleotides Directed
against Gza and Goa on Antinociception Produced by Spinal Opioid and A2 Adrenergic
Receptor Agonist200Q 11.

(18) ChabotDoré, A-J.; Millecamps, M.; Naso, L.; Devost, D.; Trieu, P.; Piltonen, M.;
Diatchenko, L.; Fairbanks, C. A.; Wilcox, G. L.; Hébert, T. E.; Stone, L. S. Dual Allosteric
Modul ati on of Opi oi d A PpAdrennceptorsdearppharmaelogyot enc
2015 99, 285 300. https://doi.org/10.1016/j.neuropharm.2015.08.010.

(19) Skoubis, P. D.; Maidment, N. T. Blockade of Ventral Pallidal Opioid Receptors Induces a
Conditioned Place Aversion and Attenuates Acquisition of Cocaine Place Preference in the
Rat.Neuroscienc003 119(1), 241 249. https://doi.org/10.1016/S03@522(03)0012D.

(20) Mahler, S. V.; Vazey, E. M.; Beckley, J. T.; Keistler, C. R.; McGlinchey, E. M.; Kaufling,
J.; Wilson, S. P.; Deisseroth, K.; Woodward, J. J.; Adimmes, G. Designer Receptors Show
Role for Ventral Pallidum Input to Ventral Tegmental Area in Coc&eeking.Nat.
Neurosci2014 17 (4), 571 585. https://doi.org/10.1038/nn.3664.

(21) Faden, A. I.; Feuerstein, G. Hypothalamic Regulation of the Cardiovascular and Respiratory
Systems: Role of Specific Opiate Recept@®@s. J. Pharmacol.1983 79 (4), 997 1002.
https://doi.org/10.1111/j.1476381.1983.th10547 .x.

(22) Simantov, R.; Kuhar, M. J.; Uhl, G. R.; Snyder, S. H. Opioid Peptide Enkephalin:
Immunohistochemical Mapping in Rat Central Nervous Sysiot. Natl. Acad. Scll977,
74 (5), 2167 2171. https://doi.org/10.1073/pnas.74.5.2167.

(23) Dupont, A.; Lipine, J.; Rouleau, D.; Barden, N. Differential Distribution of H&tdorphin
and Enkephalins in Rat and Bovine Brain.

(24) Nam, H.; Chandra, R.; Francis, T. C.; Dias, C.; Cheer, J. F.; Lobo, M. K. Reduced Nucleus
Accumbens Enkephalins Underlie  Vulnerability to Social Defeat Stress.

60



Neuropsychopharmacolod}019 44 (11), 1876 1885. https://doi.org/10.1038/s413869
04228.

(25) Castro, D. C.; Berridge, K. C. Opioid Hedonic Hotspot in Nucleus Accumbens Shell: Mu,
Delta, and Kappa Maps for EnhancelnNeurosci.of Swe
2014 34 (12), 42394250. https://doi.org/10.1523/INEUROSCI.44E82014.

(26) Mitchell, M. R.; Berridge, K. C.; Mahler, S. V. EndocannabinBich hanced #ALiI ki n
Nucleus Accumbens Shell Hedonic Hotspot Requires Endogenous Opioid Starmaiabis
Cannabinoid Re2018 3 (1), 166 170. https://doi.org/10.1089/can.2018.0021.

(27) Takeda, S.; Sato, N.; Ikimura, K.; Nishino, H.; Rakugi, H.; Morishita, R. Novel Microdialysis
Method to Assess Neuropeptides and Large Molecules iANfoeeng Mouse Neuroscience
2011, 186 110 119. https://doi.org/10.1016/j.neuroscience.2011.04.035.

(28) DiFeliceantonio, A. G.; Mabrouk, O. S.; Kennedy, R. T.; Berridge, K. C. Enkephalin Surges
in Dorsal Neostriatum as a Signal to E&urr. Biol. 2012 22 (20), 19181924.
https://doi.org/10.1016/j.cub.2012.08.014.

(29) Bechard, A. R.; Logan, C. N.; Mesa, J.; Pad@#nnandez, Y.; Blount, H.; Hodges, V. L.;
Knackstedt, L. A. Role of Prefrontal Cortex Projections to the Nucleus Accumbens Core in
Mediating the Effects of Ceftriaxone on Gimeluced Cocaine Seekingddict. Biol.2021,

26 (2), €12928. https://doi.org/10.1111/adb.12928.

(30) Wells, S. S.; Bain, I. J.; Valenta, A. C.; Lenhart, A. E.; Steyer, D. J.; Kennedy, R. T.
Microdialysis Coupled with Droplet Microfluidics and Mass Spectrometry for Determination
of Neurotransmitterén Vivo with High Temporal ResolutionThe Analys2024 149 (8),
2328 2337. https://doi.org/10.1039/D4AN00112E.

(31) Dong, C.; Gowrishankar, R.; Jin, Y.; He, X. J.; Gupta, A.; Wang, H.; Satgmoy, N.;
Flores, R. J.; Mahe, K.; Tjahjono, N.; Liang, R.; Marley, A.; Or Mizuno, G.; Lo, D. K.; Sun,
Q.; Whistler, J. L.; Li, B.; Gomes, I.; Von Zastrow, M.; Tejeda, H.Agsoy, D.; Devi, L.
A.; Bruchas, M. R.; Banghart, M. R.; Tian, L. Unlocking Opioid Neuropeptide Dynamics
with Genetically Encoded Biosensordlat. Neurosci. 2024 27 (9), 18441857.
https://doi.org/10.1038/s41598R24-016971.

(32) Patriarchi, T.; Cho, J. R.; Merten, K.; Howe, M. W.; Marley, A.; Xiong;AV.. Folk, R. W_;
Broussard, G. J.; Liang, R.; Jang, M. J.; Zhong, H.; Dombeck, D.; von Zastrow, M.;
Nimmerjahn, A.; Gradinaru, V.; Williams, J. T.; Tian, L. Ultrafast Neurdnahging of
Dopamine Dynamics with Designed Genetically Encoded Ser&uence2018 360(6396),
eaat4422. https://doi.org/10.1126/science.aat4422.

(83) Sun, F.; Zeng, J.; Jing, M.; Zhou, J.; Feng, J.; Owen, S. F.; Luo, Y.; Li, F.; Wang, H.;

Yamaguchi, T.; Yong, Z.; Gao, Y.; Peng, W.; Wang, L.; Zhang, S.; Du, J.; Lin, D.; Xu, M.;
Kreitzer, A. C.; Cui, G.; Li, Y. A Genetically Encoded Fluorescent Selarables Rapid and

61



Specific Detection of Dopamine in Flies, Fish, and Micell 2018 174 (2), 481496.e19.
https://doi.org/10.1016/j.cell.2018.06.042.

(34) Corre, J.; Van Zessen, R.; Loureiro, M.; Patriarchi, T.; Tian, L.; Pascoli, V.; Luscher, C.
Dopamine Neurons Projecting to Medial Shell of the Nucleus Accumbens Drive Heroin
ReinforcementeLife2018 7, e39945. https://doi.org/10.7554/eLife.39945.

(35) Yang, J:H.; Basu, A.; Liu, RJ.; Staszko, S. M.; Yu, A. L.; Rondeau, J.; Gladgaan, S.;
Feng, J.; Li, Y.; Che, A.; Kaye, A. P. Frontal Cortex Norepinephrine, Serotonin, and
Dopamine Dynamics in an Innate Féd@ward Behavioral Model. Neuroscierdevember
28, 2023. https://doi.org/10.1101/2023.11.27.568929.

(36) Wright, E. C.; Scott, E.; Tian, L. Applications of Functional Neurotransmitter Release
Imaging  with  Genetically Encoded Sensors in  Psychiatric  Research.
Neuropsychopharmacologg024 50 (1), 269273. https://doi.org/10.1038/s4138@4
019035.

(37) Denison, J. D.; De Alwis, A. C.; Shah, R.; McCarty, G. S.; Sombers, L. A. Untapped
Potential: Reallime Measurements of Opioid Exocytosis at Single C&llam. Chem. Soc.
2023 145(44), 2407124080. https://doi.org/10.1021/jacs.3c07487.

(38) Wightman, R. M.; Amatorh, C.; Engstrom, R. C.; Hale, P. D.; Kristensen, E. W.; Kuhr, W.
G.; May, L. J. Reallime Characterization of Dopamine Overflow and Uptake in the Rat
Striatum. Neuroscience 1988 25 (2), 513523. https://doi.org/10.1016/0306
4522(88)90252.

(39) Zimmerman, J. B.; Wightman, R. Mark. Simultaneous Electrochemical Measurements of
Oxygen and Dopamine In Vivo. Anal. Chem. 1991, 63 (1), 2428.
https://doi.org/10.1021/ac00001a005.

(40) Wilson, L. R. Studying Oxidative Stress: Rdaie Detection of Hydrogen Peroxide and
Dopamine Dynamics in the Brain. Dissertation, North Carolina State University, Raleigh,
North Carolina, 2018. https://www.proquest.com/docview/2187632660?pq
origsite=gscholar&fromopenview=truehttps://pubs.acs.org/doi/full/10.1021/acsmeasurescia
u.1c00030 (accessed 20Q2-20).

(41) Murphy, N. P. Dynamic Measurement of Extracellular Opioid Activity: Status Quo,
Challenges, and Significance in Rewarded Behavik€$S Chem. Neuros@015 6 (1), 94
107. https://doi.org/10.1021/cn500295q.

(42) Comb, M.; Seeburg, P. H.; Adelman, J.; Eiden, L.; Herbert, E. Primary Structure of the
Human Met and LeyEnkephalin Precursor and Its mRNXature1982 295 (5851), 663
666. https://doi.org/10.1038/295663a0.

(43) Udenfriend, S.; Kilpatrick, D. L. Biochemistry of the Enkephalins and Enkephalin
Containing Peptides. Arch. Biochem. Biophys. 1983 221 (2), 309 323.
https://doi.org/10.1016/0003361(83)90142.

62



(44) Zamir, N.; Palkovits, M.; Weber, E.; Mezey, E.; Brownstein, M. J. A Dynorphinergic
Pathway of LetEnkephalin Production in Rat Substantia Nid¥ature 1984 307 (5952),
643 645. https://doi.org/10.1038/307643a0.

(45) Conway, S. M.; Mikati, M. O.; AHasani, R. Challenges and New Opportunities for
Detecting Endogenous Opioid Peptides in Rewdmdict. Neurosci.2022 2, 100016.
https://doi.org/10.1016/j.addicn.2022.100016.

(46) Cifuentes, F.; Montoya, M.; Morales, M. Highrequency Stimuli Preferentially Release
Large Dense&Core Vesicles Located in the Proximity of Nonspecialized Zones of the
Presynaptic Membrane in Sympathetic Gandhev NeurobioR008 68(4).

(47) Mansvelder, H. D.; Kits, K. S. Calcium Channels and the Release of Large Dense Core
Vesicles from Neuroendocrine Cells: Spatial Organization and Functional Coupilogy.
Neurobiol.200Q 62 (4), 427 441. https://doi.org/10.1016/S030082(00)00003t.

(48) Calhoun, S. E.; Meunier, C. J.; Lee, C. A.; McCarty, G. S.; Sombers, L. A. Characterization
of a MultipleScanRate Voltammetric Waveform for Re@lme Detection of Met
Enkephalin.  ACS Chem. Neurosci. 2019 10 4), 2022 2032.
https://doi.org/10.1021/acschemneuro.8b00351.

(49) Schmidt, A. C.; Dunaway, L. E.; Roberts, J. G.; McCarty, G. S.; Sombers, L. A. Multiple
Scan Rate Voltammetry for Selective Quantification of Reale Enkephalin Dynamics.
Anal. Chem2014 86 (15), 7806 7812. https://doi.org/10.1021/ac501725u.

(50) Todorov, J.; Calhoun, S. E.; McCarty, G. S.; Sombers, L. A. Electrochemical Quantification
of Enkephalin Peptides Using F&tan Cyclic Voltammetry.Anal. Chem. 2024
acs.analchem.4c02418. https://doi.org/10.1021/acs.analchem.4c02418.

(51) Gompf, H. S.; Budygin, E. A.; Fuller, P. M.; Bass, C. E. Targeted Genetic Manipulations of
Neuronal Subtypes Using Promoet@pecific Combinatorial AAVs in WildlType Animals.
Front. Behav. Neurosc2015 9. https://doi.org/10.3389/fnbeh.2015.00152.

(52) Roth, B. L. DREADDs for NeuroscientistsNeuron 201§ 89 (4), 683694.
https://doi.org/10.1016/j.neuron.2016.01.040.

(53) Smith, K. S.; Bucci, D. J.; Luikart, B. W.; Mahler, S. V. DREADDS: Use and Application in
Behavioral  Neuroscience. Behav. Neurosci. 2016 130 (2), 137155.
https://doi.org/10.1037/bne0000135.

(54) Armbruster, B. N.; Li, X.; Pausch, M. H.; Herlitze, S.; Roth, B. L. Evolving the Lock to Fit
the Key to Create a Family of G Protédoupled Receptors Potently Activated by an Inert
Ligand. Proc. Natl. Acad. Sci. 2007, 104  (12), 51635168.
https://doi.org/10.1073/pnas.0700293104.

63



(55) Hatcher, N. G.; Richmond, T. A.; Rubakhin, S. S.; Sweedler, J. V. Monitoring Aetivity
Dependent Peptide Release from the CNS Using SBegel SolidPhase Extraction and
MALDI TOF MS Detection. Anal. Chem. 2005 77 (6), 15801587.
https://doi.org/10.1021/ac0487909.

(56) Warlow, S. M.; Singhal, S. M.; Hollon, N. G.; Faget, L.; Dowlat, D. S.; Zell, V.; Hunker, A.
C.; Zweifel, L. S.; Hnasko, T. S. Mesoaccumbal Glutamate Neurons Drive Reward via
Glutamate Release but Aversion via DopamineRetease Neuron2024 112 (3), 488
499.e5. https://doi.org/10.1016/j.neuron.2023.11.002.

(57) Roberts, J. G.; Sombers, L. A. F&tan Cyclic Voltammetry: Chemical Sensing in the Brain
and Beyond. Anal. Chem. 2018 90 (1), 490 504.
https://doi.org/10.1021/acs.analchem.7b04732.

(58) Meunier, C. J.; Sombers, L. A. FeBtan Voltammetry for In Vivo Measurements of
Neurochemical Dynamics. [fhe Brain Reward Systefakhoury, M., Ed.; Neuromethods;
Springer US: New York, NY, 2021; Vol. 165, ppi923. https://doi.org/10.1007/9718
071611463 5.

(59) Fricker, L. D.; Margolis, E. B.; Gomes, |.; Devi, L. A. Five Decades of Research on Opioid
Peptides: Current Knowledge and Unanswered QueshtmisPharmacol202Q 98(2), 96
108. https://doi.org/10.1124/mol.120.119388.

(60) DuqueDiaz, E.; AlvarezOjeda, O.; Covefas, R. Enkephalins and ACTH in the Mammalian
Nervous System. IrVitamins and HormonesElsevier, 2019; Vol. 111, pp 1#¥93.
https://doi.org/10.1016/bs.vh.2019.05.001.

(61) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals and Applicati@nsl
ed.; Wiley: New York, 2001.

(62) Elgrishi, N.; Rountree, K. J.; McCarthy, B. D.; Rountree, E. S.; Eisenhart, T. T.; Dempsey,
J. L. A Practical Begi nnleChénsEJdG2018De(2),t191 Cyc | i «
206. https://doi.org/10.1021/acs.jchemed.7b00361.

(63) Rodeberg, N. T.; Sandberg, S. G.; Johnson, J. A.; Phillips, P. E. M.; Wightman, R. M.
Hi tchhi kerdéds Guide to Voltammetry: -SBanute ar
Cyclic  Voltammetry. ACS Chem. Neurosci. 2017 8 (2), 221234.
https://doi.org/10.1021/acschemneuro.6b00393.

(64) Bard, A. J.; Faulkner, L. R.; White, H. S. Electrochemical Methods.
(65) Brunelle, P.; Rauk, A. OrElectron Oxidation of Methionine in Peptide Environments: The

Effect of ThreeElectron Bonding on the Reduction Potential of the Radical Catidphys.
Chem. A2004 108(50), 1103211041. https://doi.org/10.1021/jp046626.

64



(66) Takmakov, P.; Zachek, M. K.; Keithley, R. B.; Walsh, P. L.; Donley, C.; McCarty, G. S.;
Wightman, R. M. Carbon Microelectrodes with a Renewable Surfatd. Chem201Q 82
(5), 2020 2028. https://doi.org/10.1021/ac902753x.

(67) Bath, B. D.; Michael, D. J.; Trafton, B. J.; Joseph, J. D.; Runnels, P. L.; Wightman, R. M.
Subsecond Adsorption and Desorption of Dopamine at Cdfliar MicroelectrodesAnal.
Chem.200Q 72 (24), 5994 6002. https://doi.org/10.1021/ac000849y.

(68) Bacil, R. P.; Chen, L.; Serrano, S. H. P.; Compton, R. G. Dopamine Oxidation at Gold
Electrodes: Mechanism and Kinetics near Neutral Phi;s. Chem. Chem. Phy02Q 22
(2), 607 614. https://doi.org/10.1039/C9CP05527D.

(69) Garris, P.; Wightman, R. Different Kinetics Govern Dopaminergic Transmission in the
Amygdala, Prefrontal Cortex, and Striatum: An in Vivo Voltammetric StddyNeurosci.
1994 14 (1), 442 450. https://doi.org/10.1523/INEUROSCEQ2-00442.1994.

(70) Heien, M. L. A. V.; Phillips, P. E. M.; Stuber, G. D.; Seipel, A. T.; Wightman, R. M.
Overoxidation of Carboifriber Microelectrodes Enhances Dopamine Adsorption and
Increases Sensitivitythe Analys2003 128(12), 1413. https://doi.org/10.1039/b307024q.

(71) Heien, M. L. A. V.; Johnson, M. A.; Wightman, R. M. Resolving Neurotransmitters Detected
by FastScan Cyclic Voltammetry. Anal. Chem. 2004 76 (19), 56975704.
https://doi.org/10.1021/ac0491509.

(72) Rodeberg, N. T.; Johnson, J. A.; Cameron, C. M.; Saddoris, M. P.; Carelli, R. M.; Wightman,
R. M. Construction of Training Sets for Valid Calibration of in Vivo Cyclic Voltammetric
Data by Principal Component Analysignal. Chem.2015 87 (22), 1148411491.
https://doi.org/10.1021/acs.analchem.5b03222.

(73) Keithley, R. B.; Carelli, R. M.; Wightman, R. M. Rank Estimation and the Multivariate
Analysis of in Vivo FasScan Cyclic Voltammetric Daté&nal. Chem201Q 82 (13), 5541
5551. https://doi.org/10.1021/ac100413t.

(74) Roth, B. L. DREADDs for NeuroscientistsNeuron 2016 89 (4), 683694.
https://doi.org/10.1016/j.neuron.2016.01.040.

(75) Hyland, B. I.; Reynolds, J. N. J.; Hay, J.; Perk, C. G.; Miller, R. Firing Modes of Midbrain
Dopamine Cells in the Freely Moving RalNeuroscience2002 114 (2), 475 492.
https://doi.org/10.1016/S036822(02)002671.

(76) Schultz, W. Responses of Midbrain Dopamine Neurons to Behavioral Trigger Stimuli in the
Monkey. J. Neurophysiol. 1986 56 5), 1439 1461.
https://doi.org/10.1152/jn.1986.56.5.1439.

(77) Schultz, W. Getting Formal with Dopamine and Rewaiduron2002 36 (2), 241 263.
https://doi.org/10.1016/S08%73(02)00964.

65



(78) Exley, R.; Clements, M. A.; Hartung, H.; Mcintosh, J. M.; Cragg, S. 3CA®taining
Nicotinic Acetylcholine Receptors Dominate the Nicotine Control of Dopamine
Neurotransmission in Nucleus Accumbens.

(79) Kuhr, W. G.; Ewing, A. G.; Caudill, W. L.; Wightman, R. M. Monitoring the Stimulated
Release of Dopamine witin Vivo Voltammetry. |: Characterization of the Response
Observed in the Caudate Nucleus of the RatNeurochem1984 43 (2), 560 569.
https://doi.org/10.1111/j.1474159.1984.tb00935.x.

(80) Yorgason, J. T.; Rose, J. H.; Mcintosh, J. M.; Ferris, M. J.; Jones, S. R. Greater Ethanol
Inhibition of Presynaptic Dopamine Release in C57BL/6J than DBA/2J Mice: Role of
Nicotinic  Acetylcholine  Receptors. Neuroscience 2015 284, 854 864.
https://doi.org/10.1016/j.neuroscience.2014.10.052.

(81) Trouillon, R.; Lin, Y.; Mellander, L. J.; Keighron, J. D.; Ewing, A. G. Evaluating the
Diffusion Coefficient of Dopamine at the Cell Surface During Amperometric Detection: Disk
vs Ring Microelectrodes. Anal. Chem. 2013 85 (13), 64216428.
https://doi.org/10.1021/ac400965d.

(82) Marcotte, I.; Separovic, F.; Auger, M.; Gagné, S. M. A Multidimensional 1H NMR
Investigation of the Conformation of Methionimkephalin in Fastumbling Bicelles.
Biophys. J2004 86 (3), 1587 1600. https://doi.org/10.1016/S008895(04)74226.

(83) Gerhardt, Greg.; Adams, R. N. Determination of Diffusion Coefficients by Flow Injection
Analysis.Anal. Chem1982 54 (14), 2618 2620. https://doi.org/10.1021/ac00251a054.

(84) Banghart, M. R.; Sabatini, B. L. Photoactivatable Neuropeptides for Spatiotemporally Precise
Delivery of Opioids in Neural Tissue.Neuron 2012 73 (2), 249 259.
https://doi.org/10.1016/j.neuron.2011.11.016.

(85) Baygildin, S. S.; Musina, L. A.; Khismatullina, Z. R. Probing Neuropeptide Volume
Transmission In Vivo by Simultaneous Ndafrared Light Triggered Release and Optical
SensingJ. Biomed2021, 17 (1), 70 81. https://doi.org/10.33647/20-698217-1-70-81.

(86) Russo, A. F. Overview of Neuropeptides: Awakening the Sen¢ea@ache J. Head Face
Pain2017 57 (S2), 3746. https://doi.org/10.1111/head.13084.

(87) Fricker, L. D. Analysis of Mouse Brain Peptides Using Mass SpectroBesgd
Peptidomics: Implications for Novel Functions Ranging from Jd&ssical Neuropeptides
to MicroproteinsMol. Biosyst201Q 6 (8), 1355. https://doi.org/10.1039/c003317k.

(88) vandenPol, A. N. Neuropeptide Transmission in Brain CircuNguron2012 76 (1), 98
115. https://doi.org/10.1016/j.neuron.2012.09.014.

66



(89) Dass, C.; Mahalakshmi, P. Phosphorylation of Enkephalins Enhances Their Proteolytic
Stability. Life Sci.1996 58 (13), 10391045. https://doi.org/10.1016/00:3205(96)00057
4.

(90) Hartman, K.; Mielczarek, P.; Smoluch, M.; Silberring, J. Inhibitors of Neuropeptide
Peptidases Engaged in Pain and Drug Dependbleceopharmacolog202Q 175 108137.
https://doi.org/10.1016/j.neuropharm.2020.108137.

(91) Cooksy, A. Physical Chemistry: Thermodynamics, Statistical Mechanics & Kinetics
International ed.; Always learning; Pearson: Boston, 2014.

(92) Bergstrom, J.; Ahmed, M.; Kreicbergs, A.; Nylander, |. Purification and Quantification of
Opioid Peptides in Bone and Joint TisshiesMethodological Study in the Rak. Orthop.
Res.2003 21 (3), 465 469. https://doi.org/10.1016/S07-B@66(02)00167b.

(93) Finn, A.; Agren, G.; Bjellerup, P.; Vedin, I.; Lundeberg, T. Production and Characterization
of Antibodies for the Specific Determination of the Opioid Peptide MettkephalirArg -
Phe7. Scand. J. Clin. Lab. Invest. 2004 64 (2), 49 56.
https://doi.org/10.1080/00365510410004119.

(94) Paxinos, G.; Watson,axi nod6s and Watsonds The Rat Br a
Seventh editionElsevier/AP, Academic Press is an imprint of Elsevier: Amsterdam; Boston,
2014.

(95) Roberts, J. G.; LugMorales, L. Z.; Loziuk, P. L.; Sombers, L. A. Rdame Chemical
Measurements of Dopamine Release in the BraiDopamine Kabbani, N., Ed.; Methods
in Molecular Biology; Humana Press: Totowa, NJ, 2013; Vol. 964, ppi 20%6
https://doi.org/10.1007/978-62703251-3_16.

67



CHAPTER 3: Profiling Neuropeptide Dynamics in Adrenomedullary Cells: Insights into
Regulated Release via Electrical an@€hemical Stimulation
The following work was conducted in collaboration with my colleagues in the Sombers lab, Dr.
Dylan DenisonDr. Chathuri De Alwisand Hannah Sumneaind with Dr. Elena Romanova and
Dr. Jonathan Sweedler from the Neuroproteomics and Neurometabolomies @etellCell

Signaling at the University of lllinois Urbar@hampaign.
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Figure 3.1 Graphical overview of the chapter.

Introduction

Endogenous opioid peptides are produced in the brain, adrenal glands, and throughout the
peripheral and central nervous systéfmThese molecules play an important role in pain
management and are implicated in drug abuse and addiction. The opioid epidemic has created the
urgent need for more effective treatment strategies to support individuals struggling with pain,
and/or substancabuse disordersOur understanding of the endogenous opioid system has
significant gaps due to retime detection challenge®eptidergic signaling occurs on a sub

second timescale. It isvell established that opioid signaling implicated n pain, rewad,
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motivation, response to stress, and vital physiological functions like heart rate and br&4thing.
However, a lack of redime detection challenges leads to a lack of concreate information on
consequential behaviors to that signaling

There are three major classes of endogenous opioid pemyesphins, endorphins, and
enkephalins. Each of these peptide classes share the Ty@igoiee-Glycine-Phenylalanine
(YGGF) motif, which binds to, and activates opioid receptot$indirect, inferential methods of
detection like liganebinding assays (radioimmunoassay) and MRNA detectian situ
hybridization) have charted a complex opioid network with promiscuous receptor birtefrié?

Gene expression studies identified neurons that produce mRNA of precursor molecules for these
endogenous opioids and identified complex enzymatic pathways wherein peptides are clipped
from these larger, originating protein®172? Previous studies have done excellent work
measuring the expression of mRNBowever, reattime signaling peptide detection remains
challenging and information on thepecies presergnd their consequential processiig still

limited. Other studies have focused on manipulating the receptor, but endogenous neuropeptides
are known to have promiscuous binding to their target receptors, making it difficult to investigate
specific peptide signalin$?? 2> As such, a more thorough understanding of dynamics, distribution,
and function of endogenous opioidseguired.Understanding reaime opioid peptide signaling

is crucial todevelopingtreatment strategies for both pain and addiction.

To address the need for a deeper understanding of opioid peptide signaling, an appropriate
biological model was essential. Bovine adrenal glands were selected for this purpose due to their
high levels of PENK mRNA expression and their established roleiprioduction and release of
ENK-containing peptide®2¢2° PENK-encoded peptided-ENK, L-ENK, and MENK-Arg-Phe

(MERF) have been detected in adrenal medalta have different functional consequences upon
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receptor activatioR®3*3'Prior literature demonstrates that neuropeptides are stored in large dense
core vesiclesamessaging organelle found in abundance within adrenal chromaffirf-€etfs

single chromaffin cell contains ~20,000 dense core vesicles that store high concentrations of
neurochemicals like catecholamifié$* ATP, and neuropeptide8?°3%38 We have previously
shown that electrochemical detection of enkephalins from adrenal tissue, brain tissue, and isolated
chromaffin cells enables reime monitoring of opioid peptide dynamic&lectrochemical
monitoring provides cruciajuantitative information on features of peptide signaling, such as the
timescale of release, diffusion distance, concentration rang¥;*€kowever, peptidergic release

from adrenal medullae tissuend cellshas not been as extensively characteriZegrther,
validation through independent methods, such as mass spectrometry, will better inform on the
chemical composition of peptidergic releasate.

This study presents a deeper investigation into the adrenal peptidome by employing a
highly efficient and straightforward approach, especially for characterizing releasate. Our study
usessolid phase extraction (SPE)r collection of neuropeptides from releasates followed by
liquid chromatography coupled to tandem mass spectromet’hMEMBAS) to characterize and
directly compareneuropeptide complement igellular extracd and releasate evoked via
stimulation The stimulations employed wegkectricalandnicotinic to investigate peptide release
following generalized depolarization versusaupledreceptor activation, respectfully. Odata
suggest that electrical and nicotinic stimulation techniques are suitable to cause exdbigosis.
find thatthe type of stimulation did not influence the composition of the released peptidome
predominant part of the released peptidome was RE&HCed with either stimulation protocol.

This study provides valuable insights into the endogenous opioid peptide system, highlighting its

signaling through diverse and complex peptide sequences. By examining cellidatseatrd
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comparingreleasateelicited by electrical and nicotinic stimulation, it offers a comprehensive
characterization of the intracellular and released peptidome in chromaffin cells, emphasizing the

biological complexity of opioid peptide signaling.

Results and Discussion

Peptidergic Characterization of Adrenomedullary Cellular Extract and Releasate using LE
MS/MS

The adrenal medulla is known to produce and release a variety of bioactive peptides,
including neuropeptides and peptide hormones like adrenomedullin, enkephalins, and
chromogranins, which play roles in stress response, cardiovascular regulation, and
neureendocrine signalingt*?>Some of these peptides, particularly catecholaméaggilated
peptides involved in the "fight or flight" resportsave been extensively characterizéd
However, the full peptidome, particularly less abundant or transiently expressed peptides,
remains only partially understood. To address this gap, we aimed to characterize and compare
the peptidome of adrenomedullary cellular extracts and releasates.

Adrenal medullary chromaffin cells were extracted floowine adrenal glands according
to previously established protocdfs’®4445The purified chromaffin cell pellet was resuspended
in acidified methanol, homogenized and centrifuged. The cell extract (supernatant), collected
after removal of cell debris, was then analyzed using nan@@ESITIMS-MS/MS to
guantify proteins and pages that were extracted from the purified cdligygre 3.2A).

The adrenal gland is innervated by the splanchnic nerve, which releases acetylcholine to
depolarize the chromaffin cells by way of nicotinic acetylcholine receffiérs such povine

adrenal medulléissue slices were either chemlgadtimulaedvia bath application of a nicotine
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soluton( 40 eM), or electrically stim2k&@eAl5using
Hz, 10 pulses To assess peptidergic rele@Sgure 3.2B), conditioned €18 beads were locally
positioned on adrenal tissue sli¢eslirectly sample at the site of releasgingSPE?*"4° This

sampling techniqueffectively protect peptides fronenzymaticdegradation by entrapping them

in thepores inherent to th&ationary phasgbead) Following stimulation, the beads containing

released peptides were carefully collected and a series of elution stegperformed to release

the peptides entrapped within thalid-phase materialComprehensive detection was performed

by LC-MS/MS because this approach offensbiased chemical profiles without prior templates

nor assumptions on specifitolecules of intere$t°°Samples of releasate were collected in

triplicate for both the electrical and nicotinic stimulation conditi@yscomparingthe relative

profile of proteins/peptideacross samples, we can derive meaningful insights and draw valuable

conclusions.
A Acidify and Centrifuge
wash beads
Chromaffin cells from Bovine >
adrenal medulla adrenal ) %H

glands Released
neuropeptide
=

Elute

/ peptides

Peaks Online 11
Bioinformatics
Solution

Peptide 77 .
extraction
in acidified |
methanol

nanolLC-nanokESI-
TIMS-MS/MS

Figure 3.2 Workflow schematidllustrating sample collection and subsequgmbcessingA)
Bovine ciromaffin cells were pelletedesuspended in acidified methamold homogenized he
protein and peptide compositiari the cellular materialvas assessed usinganoLGnanoES]
TIMS-MS/MS. B) SPE was used to sample peptide release flfontytsliced bovine adrenal
medullae Conditioned G18 beadsvere positionea@topindividualtissue slices to sample directly
from the site of releaséfter stimulation, he G18 beads were collected, acidified, rinsed, thed
eluate was assesstenl peptidergiccontent.

72



Overall, the study identified1:260unique peptides thaftriginated from615 proteins and
152 protein groups the medulla tissue cellular extracthe list of proteins was narrowed by
removing any proteins that were nsecreted using SignalP. Then any protein that was supported
by < 1 peptide was manually removed. Lastly, any redundant entries were manually removed
leaving a list of 73 proteins foanalysis in this work. Percent cumulative abundance was
determined by calculating treum ofthe protein agas for each individual sample followed by
dividing an individual protein area by that su@f.these, 26 proteins were found to be the most
abundantasdesignated by a cumulative abundaat®0.1%of the total protein content @ach
sample typeTable 3.1). All detected proteins were annotated with ateNminal signaling peptide
that is associated with intracellular shuttling to the endoplasmic reticulum, indicating the potential
for secretion.Gratifyingly, there was a higher number of rsecreted proteins in the cellular
extractthan in the releasate samplegspite most of the proteirexhibiting the Nterminal
signaling peptide This confirmstha the material found in cellular extract was largely

compromised of proteins that are not generally secreted.
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Table 3.1 Detectedproteins and their distribution in each sample group based on cumulative
abundancewhichwas determined by calculating the percentage of eatieindividual samples.
Only the most abundant proteins are shovi® 0. 1 % a Ghemichlaama @egtrical
stimulation selectively triggered the release of secreted proteins

PO1211 Proenkephalin-A X X X Secreted
062827 Pro-adrenomedullin X X X Secreted
P23389 Secretogranin-1 X X X Secreted
A4IFR2 PCSK1N protein (ProSAAS) X X Unknown
Q2HIGO Neuroendocrine protein 7B2 X X X Secreted
ADA140T879  Chromogranin-A X X X Secreted
Q6RUW3 Pro-neuropeptide ¥ X X X Secreted
Q9GLR1 Neurcendocrine convertase 1 X X X Secreted
BOJYL7 Stromal interaction molecule 1 X Membrane
P20616 Secretogranin-2 X X Secreted
P10522 Myelin protein PO X Membrane
AeQLI2 Secretogranin-3 X Secreted
ADA3Q1IMGO4  Fibrinogen beta chain X Secreted
A7MBJ9 PCSK2 protein X Unknown
FeQ5F4 Proprotein convertase subtilisin/kexin type 2 X Unknown
F2Z4E0 VGF nerve growth factor inducible X Unknown
P02465 Collagen alpha-2(l) chain X Secreted
QO08E14 Collagen type Il alpha 1 chain X Unknown
Q3SWX5 Cadherin-6 X Membrane
P52193 Calreticulin X Membrane
P02672 Fibrinogen alpha chain X Secreted
FiN444 Latent transforming growth factor beta binding protein 1 X Secreted
QOP569 Nucleobindin-1 X Membrane
AAFVO5 COL18A1 protein X Unknown
FING6WS Collagen type XVl alpha 1 chain X Unknown
018979 Neuroendocrine secretory protein 55 X Secreted
Table 3.1 compilesthe mo s t abundant proteins ident

abundance). There are slight variations between the tabulated pfoteidsnreleasite vscellular
extract(Figure 3.3A), but a more complex subs#tproteinswas detected ithe cellulamaterial

likely due tooverall higher chemical complexity of the cells and a larger amount of starting
biological material There wereonly 2 proteins unique to the releasate ,dndher, the proteins
could be differentiated by type of stimulatiemployed Similarly, there were 15 proteins unique

to cell extract, while Tdentified proteinsweresharedacross all sample typemterestingly, there

wasonly 1 proteinuniqueto both cellular extract and electricaktlyokedrelease, and 2 proteins
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identified in bothcellular extract and releate evoked using a nicotine stimulatidrhese data
were insufficientto differentiate theeffect of stinulationtype, if any, on the profileof proteins
released.

The shared proteins identified across at least two sample conditions were dasttesed
(10 proteins). Total cumulative abundances were compiled to reveal relative abundance
percentages releasate sampleBigure 3.3B and C) and cellular extractigure 3.3D). Many
of the identified peptides were mappdohck to PENKS consistent with thdPENK6 s k n o wn
functionas a precursdrormonefor prominentopioid peptide signahg moleculesin all sample
preparations, peptides derived from PENK made up the |grggstrtion of the detected proteins
The cumulative abundance of PEMI€rived peptides was66% of the detected proteome for
electrically stimulated samples, ~65% for nicotine stimulated samples, and ~4#%édelular
extract.Notably,there were differences in tabundance of the other proteidentified across the
samplesPro-adrenomedullin was the second most abungestein (7%) found in the releasate
evoked byelectrical stimulation, followed by secretogratiri4%).By contrastchromogranipA
(6%) was the second mostbundantprotein identified in the releasate evoked hgotinic
stimulation, followed by pr@adrenomedullin (5%). Lastly, PCSK1N (20%) was the second most
abundantprotein identified in the sample extracted from the cellular matdodgwed by
chromogranipA (7%), and preadrenomedullin (6%) Higure 3.3B and C). Despite these

differences, the same few proteins were identified as the most abundant in all three sample types.
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Nicotinic

Stimulation Stimulation
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0
1 (0%) 1
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(25.9%)
1 2
(3.7%) (7.4%&
. Secretogranin-2
PCSK1N protein 15 Secretogranin-3
(55.6%)
Cellular Extract
B Electrical Stimulation C Nicotinic Stimulation D Cellular Extract

mm  Proenkephalin-A
Secretogranin-1
Pro-adrenomedullin

w=  Chromogranin A
Neuroendocrine protein 7B2

mm  Pro-neuropeptide Y

PCSK1N protein
Neuroendocrine convertase 1
Secretogranin-2
Secretogranin-3

Other

Figure 3.3 A subset of proteins is shared across all three sample types, with some individual
proteins unique to a given preparatidin.Threeway Venn diagrancompiling thetotal cumulative
abundanceof proteinsdetected acrossach sample type, as described in Table 1. Of the 26
identified proteins, seven were shaestlossall three sample type$-D) Bar graphs of the same
data quantifying theelative abundancef specific proteinsvithin releasate sampleB,(C) and

the cellular material (D). Across all samplaypes, ProenkephahA (PENK) was the most

abundant protein detectéebd).

Functional Enrichment Analysis of All Detected Proteins

Geneontology (GO) moleculafunction enrichment analysis was performedtmmajor

proteins identified in thistudy Among the B proteinsassessedb4 werematched to a geney

theProtein Analysis Through Evolutionary RelationshiBANTHER) classification systenThe
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significance of the enrichment was quantified throaghmparison of gentamily phylogenetic
treeswith the bos tauruggenetic reference librafl o g 1 0 P, Fi sher 6sThesexact t
proteinswere mapped to genes involved anvariety of functions including protein binding,
neuropeptide activity, and neuropeptide hormone actiitgufe 3.4A). The annotated genes
werethenfurther classified according toANTHER classification tools and previous studfés.

The elative abundance of identified gewegsdeterminedo beneuropeptides (~20%), proteases
(~11%), unknown (not annotated, ~13%), or other (structural proteins, chaperones, transfer
proteins, etc., ~56%)(gure 3.4B). As expected, numerous genes were categorized as binding
molecules and proteases gene ontology that reflectsnding proteindo concentrate signaling
moleculesand proteases for proteolytic processing of peptides into mature sigmaliagules is
consistent with the fact thahromdfin granulesare usedor storage andegulated exocytosis of

neurochemical content in adrenal cells.

A binding: B
organic cyclic compound binding " Neuropeptides (20'4%)
||||| i

molecular function activator activity 6 Proteases (11.1%)
unfolded protein binding

molecular function regulator activity 7 Unknown (13'0%)
cell adhesion molecule binding
signaling receptor binding

signaling receptor regulator activity 30 Other (55.6%)
signaling receptor activator activity
receptor ligand activity
extracellular matrix structural constituent conferring tensile strength
extracellular matrix structural constituent
calcium ion binding
hormone activity Total =54 genes
neuropeptide hormone activity
neuropeptide activity:
protein binding
I T 1
0 5 10
-Logqo(P-value)

Figure 3.4 Detected proteins were assessed for molecular function byogéslegy according to
PANTHER analysisA) Of the 74 proteins imported tAARTHER, only 54 were mapped (False
Discovery Rate (FDR) P < 0.05 a geneThe significance of the enrichmeist quantifiedin
comparison to thbos taurugeferenceset{ og 10 P, Fisherds exact test
wereprimarily mapped back to genes that goviennctionsincludingprotein bindingand cellular

signaling B) The mapped genewere further categorized according toARTHER analysis and

prior literature clasifications.
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Next, a pediction of proteirprotein interactions asperformed in STRING web interface
usingthe protein accession numbei® the most abundant identified proteinSigure 3.5). The
predictedinteractionsreflect both direct (physical) and indirect (functional) associations. The
predictions were derivedsing a combination of computational methods, transfefindings
collected acrossorganisms, and interactions gathered from primary sources in the STRING
database. Thisnalysisdemonstratedhat the iteractions could be classified intbree main
categories: aneuropeptide familya collagen family, and fibrinogen proteingigure 3.5C).
Cellular component analysi&ifjure 3.5A) of the most abundant proteins detectédb{e 3.1)
showed enrichment in denseore, transport, and secretory vesiclegich are allcellular
components associated withe biomechanics of neurochemical reledg®lecular function
analysis identifiedan enrichmentof signaling receptor bindindunctions, as expected if the
detected peptides are involved in peptidergic signalifigure 3.5B). A network drawing of
predicted associations between the detected peptides and their idgmbfeids Figure 3.5C)
was characterized by 21 nodes and 42 edges with argavenige degree of 4 (average number of
interactions per protein), with an average local clustering coefficient of 0.689 (measure of how
connected the nodes in the network are), andaye < 1.0 €16. Overallthisenrichmentnalysis
indicates that most of the proteidstectedverebiologically associateavith carryingout a set of

specific functions
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IG0:0031410 Cytoplasmic vesicle 12 of 1581 0.8 1.47E-06
[G0:0005615 Extracellular space 14 of 1465 1 2.53E-09
IGO:0012505 Endomembrane system 14 of 3357 0.64 3.17E-05
IG0:0005576 Extracellular region 19 of 2064 0.98 1.10E-14
IG0:0005583 Fibrillar collagen trimer 2of11 2.28 0.0074
IG0:0042583 Chromaffin granule 2of24 1.94 0.0245
IG0:0005577 Fibrinogen complex 20of6 2.54 0.0035
IG0:0098952 Neuronal dense core vesicle 2of 6 2.54 0.0035
IG0:0005581 Collagen trimer 3of 58 1.75 0.0035
IG0:0062023 Collagen-containing extracellular matrix 4of 202 1.31 0.0047
IGO:0031012 Extracellular matrix 5of 358 1.16 0.0035
IG0:0030133 Transport vesicle 7of 298 1.39 2.05E-06
IG0:0030141 Secretory granule gof271 1.49 6.47E-08
I50:0005102 Signaling receptor binding 9 of 1262 0.87 0.0045

From Curated Databases
Experimentally Determined P

ADM|
Gene Co- Occurrence "
Textmining COL1A2
Co- Expression ,/// N
COL3A1—f— ITBP1

Protein Homology  (npY

écal COL18A1
VGF
Eeao==CHGA
_—— __FGA
GNAS~ —

RCSK1

Figure 3.5 The functional enrichmentf the most abundant gene products detected in adrenal
releasateclassified by cellular component and molecular func#gnCellularcomponent gene
ontologyrelated most of the detectpdbteinsto thecytoplasmic vesickeand extracellular space
B) Of the proteins analyzed, nine were identified as signaling receptor binding proteins (FGA,
VGF, CALR,COL3Al, SCG2, NPY, PENK, FGB, ADMyy nolecularfunction gene ontology.
C) The network drawing of predicted associations between the detected peptides and their
identified proteing27 proteins, maximum FDR < 0.05, maximum strength shown > 0.01,
minimum count in network = 2).

Revealing the PENKDerived Peptidome Composition
Each polypeptide precursdrormone undergoesequential enzymatic cleavageeps

transport and other pestnslational modifications resulting in multiple bioactive peptiB&s\NK

in the adrenal glang known to undergo partial processinglike in neuronal cells, resuig in
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a plethora of @i nc o mMpAPENKeleguBohgmonecontairs 6 dopigse pt i d
of the MENK sequencelt is predicted that only four are cleaved intoBWK by protease
activity >¥'>® The PENK sequence containsie copy of EENK, as well as longer varieties of-M

ENK (MENK-RF, MENK-RGL) and also containthe sequence fasther signaling molecules

such as BAM18, metorphamide, amidorphin, peptide E, and peptith*¥°As such, detected
PENK-derived peptides were further analyzed to investigate atgdocation and target areas of
interest. Overall, this studgentified 583 PENKderived peptides the extracts from theellular
materialandthe two types ofeleasateTable 3.2). The releasatsamples were found &hare 101
peptides in common with prior studies that investigated the intravesicular peptidome of extracted
densecore vesicled® The peptideddentified in this studyappear to have been generabed
multiple proteolytic stepsr perhaps through degradatjias evidenced kthe staircaséike nature

of the data presented fable 3.2. A range of azymes such as aspartic, cysteine, serine, and
metalloproteases have been shown to produce neuropeptide intermediates in dense core secretory
vesicles’®®|n addition,prohormone convertase 1/3 (PC1/3pistease that iwcalizedto large
densecore vesicles anserves taleavesENK-containing fragments from PENK This enzyme

works in tandem with cathepsin L to creatatureENK peptidefragmentdy cleaving atlibasic
residuessites(e.g., RR, RK, KK).?1%8 Interestingly, our data demonstratee presence doth

mature signaling peptides Table 3.2, bolded as well as peptidebkely to undergo further
cleavagdTable 3.2, not bolded. Overall, the datauggest diverse processing pathways where
mature signaling peptides are created through stepwise processes of repeated trimming (e.qg.,
deriving MENK from MENK-RF by cleaving the terminal RF This is consistent with the idea

that a range oénzymesact on the systenm a complex andlynamicset ofprocesss involving

many potentiategulatorymechanisms
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Table 3.2 PENK-derivedsignalingpeptidesidentified in releasate samples and cellular extract.
Both mature (bolded) and cleaved (not bolded) peptides were detected. The periods within the
peptide sequence indicate the N and C termamd the preceding and following residues represent
the exact cleavage point in the larger PENK prohornseqgeience

K.Q(-17.03)EESHLLAKKYGGFMKRYG.G 2.22E+03 X
K.Q(-17.03)EESHLLAKKYGGFM.K 1.72E+03 X
Q.EESHLLAKKYGGFMKRYG.G 2.11E+03 X
K.RSPHLEDETKELQKRYGGFMR.R 2.58E+03 X X
R.SPHLEDETKELQKRYGGFMRRVGRPEWWMDYQ.K 4.02E+03 X X
R.SPHLEDETKELQKRYGGFMRRVGRPEW.W 3.30E+03 X
R.SPHLEDETKELQKRYGGFMRRVGRPE.W 3.11E+03 X X
R.SPHLEDETKELQKRYGGFMR.R 2.42E+03 X X
R.SPHLEDETKELQKRYGGFM.R 2.26E+03 X X
R.YGGFMRRVGRPEWWMDYQ.K 2.33E+03 X X X
YGGFM R.YGGFMRRVGRPEWWMDY.Q 2.21E+03 X X X
R.YGGFMRRVGRPEWWMD.Y 2.04E+03 X X X
R.YGGFMRRVGRPEWWM.D 1.93E+03 X X X
R.YGGFMRRVGRPEWW.M 1.80E+03 X X X
R.YGGFMRRVGRPEW.W 1.61E+03 X X X
R.YGGFMRRVGRPE.W 1.42E+03 X X X
R.YGGFMRRVGRP.E 1.29E+03 X X
R.YGGFMRRVG.R 1.04E+03 X X
R.FAEPLPSEEEGESYSKEVPEMEKRYGGFMR.F 3.51E+03 X
R.FAEPLPSEEEGESYS(+79.97)KEVPEMEKRYGGFM.R 3.43E+03 X
L.PSEEEGESYSKEVPEMEKRYGGFMR.F 2.95E+03 X X
L.PSEEEGESYSKEVPEMEKRYGGFM.R 2.79E+03 X X
E.GESYSKEVPEMEKRYGGFMRF 2.53E+03 X X
E.SYSKEVPEMEKRYGGFMRF 2.34E+03 X
Y.SKEVPEMEKRYGGFMRF 2.09E+03 X
E.VPEMEKRYGGFMRF 1.75E+03 X X
YGGFMRF V.PEMEKRYGGFMRF 1.65E+03 X X X
E.MEKRYGGFMRF 1.42E+03 X X
E.KRYGGFMRF 1.16E+03 X X
R.YGGFMRF 8.76E+02 X X
D.VSKRYGGFMRGL.K 1.37E+03 X
V.SKRYGGFMRGL.K 1.27E+03 X
YGGFMRGL K.RYGGFMRGL.K 1.06E+03 X
R.YGGFMRGL.K 8.99E+02 X
R.SPHLEDETKELQKRYGGFMRRVGRPEWWMDYQKRYGGFL.K  4.85E+03 X
PeptideE  P.HLEDETKELQKRYGGFMRRVGRPEWWMDYQKRYGGFL.K 4.66E+03 X
R.YGGFMRRVGRPEWWMDYQKRYGGFL.K 3.15E+03 X X
R.YGGFMRRVGRPEWWMDYQKRYGGF.L 3.04E+03 X X
BAM 22 R.YGGFMRRVGRPEWWMDYQKRYGG.F 2.89E+03 X X
R.YGGFMRRVGRPEWWMDYQKRYG(-0.98).G 2.84E+03 X X
R.YGGFMRRVGRPEWWMDYQKRYG.G 2.84E+03 X X
R.YGGFMRRVGRPEWWMDYQKRY.G 2.78E+03 X X
BAM 18 R.YGGFMRRVGRPEWWMDYQKR.Y 2.62E+03 X X
R.YGGFMRRVGRPEWWMDYQK.R 2.46E+03 X
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The composition of peptideis releasate that wergerived from PENK proteinsvas
analyzed and presented as percentagesompared to total PEN#erived peptidegigure 3.6.
The identified pptides were binned inthe following categoriesy GGFM-containing peptides,
YGGFL- containing peptides, anall other PENKderived peptidesHigure 3.6A, left). In all
releasate samples, YGGFébntaining peptides were the most abunda®?%) followed by
YGGFL-containing peptideg~21%) This is consistent withthe naural consequence of
replication, as th& ENK prohormoneontainsfour copies of MENK (YGGFM) and only one

copy of L-ENK (YGGFL) 185455
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A PENK Derived Peptides
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Figure 3.6 A summary ofPENK-derived peptidesA) All PENK-derived peptides detected in
response to electrical (n = 4) and nicotinic stimulation (nwe3E combined and sorte®ercent
cumulative abundancdeft) was determined by suming the relative abundancd each group
(YGGFM, YGGFL, or other) and dividing it by theelative abundancef all PENK-derived
peptides'summed) Most of the PENKderived peptides contained the YGGFM motif. As such,
YGGFM-containing peptides werturther classified according to trepecific opioid peptide
sequencesright). The gimulation type (electrical vs chemicadlid not significarly affect the
relative abundance ofie specifiqpeptides released (Students unpairetest, p > 0.05, error bars
reflect + standard error of the mean (SEEM)he cumulative abundanad specific peptides in
releasate samplese comparetbr (B) YGGFMRF, (C) YGGFMRGL, ©O) Peptide E,E) BAM
22, F) BAM 18, and (G) other YGGFMcontaining neuropeptides

In total, 196identified peptidescontainedhe conserved YGGFM motif. PENK serves as
a precursor for endogenous opioid peptides includinGNWK and L-ENK, as well as extended
forms containing the YGGFNRF, YGGFMRGL, peptide E, BAM 18, and BAM 22 motit&.
Only distantly related to the mu opiate receptor, which is mainly liganded byahelimet

enkephalinn vivo, the BAM 22 receptor shows a more thanfd@ higher affinity for BAM 22
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than for metenkephalin, which is containedthin the primary sequence of the BAM peptide?
YGGFM-containing peptidesvere further analyzedor the presence athese longer variants
(Figure 3.6A, right). The extended formsf ENK are thought to serve as active signaling
molecules and the presence of the extra amino acids can even affect tgnppst signaling
pathway for the peptideeceptor complex, consistent with the signaling bias mddef°
Redundancy in the molecules that dand to opioid receptorprovides a potential means for
flexibility in modulating thepain and reward pathways (analgesthg stress responses, and
overall circuit functiort®6%64 Mature forms of YGGFMRF, YGGFMRGL, peptide E, and BAM
18 wereall detected inthe releasate samples. In additi@pbreviatedversions of these longer
peptides were also detected, usually differing by only a few amino akadide(3.2). All the
peptides were sorted, and the cumulative abundance determined for each ideptiied in
releasate(Figure 3.6B-G). Across all peptide sequencatentified the type of stimulation
employed did not significantlyffect the relative abundance of any one spegéptidedetected

(Students unpairedtést, p > 0.05).

Conclusions

Chromaffin cells have longerved as a model for studying exocytosis from the large €dense
core vesicles. Studies have shown thatléinge dens&€ or e Vv e s i c lalscscontamseapt i dor
substantial portion of opioid peptides, especially enkephalins. However, neuropeptide release
dynamics remain unclear. The work described herein presents a deeper investigation into the
bovine adrenal peptidome using an independent meaeuateapproach to characterize cellular
extract and releasatéhis work presents a robust method of sample calecf difficult to detect

opioid peptides that are prone to degradation by employing localized SPE thrdi@beads.
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Further,LC-MS/MS was used to characterize the intracellular peptidome (extract) and signaling
peptidome (releasate). significant portion of theletected peptidomes were found to be PENK
derived.Of thesederivedpeptidesthe majority retained theenkephalin motif YGGFMThe data
revealthe presence of the extended forms of enkephalin which are known to be cleaved from
PENK, including YGGFMRF, YGGFMRGL, peptide E, BAM 18, and BAM 22, all of which may
also play important fundamental reléecause they arknown to bind at opioid receptors.
Identifying these peptides is crucial in understanding the complex mechanisms of neuropeptide
processing and endogenous opioid signaling. These findings inform on the diverse peptide
participants and complexities of opmloneuropeptide signaling and outline a method with

adaptability suitable for exploring other neuroendocrine cells or tissues.

Materials and Methods

Chemicals. All chemicals (95% assay, Optima LCMS or HRMS grade) were
purchased from Sigma Aldrich Co. (St. Louis, MO) unless otherwise specified. All aqueous
solutions were prepared using Optima LCMS grade water. For the preparation of stimulants, or
tissue sliclgp and perfusion buffer, doubly d@stille
Billerica, MA) was used.

Obtaining cellular extract from a purified chromaffin cell pellet. Bovine adrenal glands
were obtained, immediately trimmed of excess fat, and flushed with cold W3 buffer (145 mM
NacCl, 5.4 mM KCL, 1 mM NaH2PO4, 11.2 mM glucose, and 15 mM HEPES) through the adrenal
vein. Flushed glands were submerged in cold W3 buffengltiransport to the lab. Inside a sterile
biosafety hood, glands were flushed with warm W3 through the adrenal vein and incubated in W3

at 37 °C for 10 min. This was repeated for three bations in total. Next, sterile W3 was spiked
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with nystatin (50 mg/L) and penicillistreptomycin (1% v/v) to prepare an antimicrobial solution
(W3+) which was then used as a supporting buffer for the rest of the procedure. The glands were
perfused with a digestion solution containing deoxyribonueleék.4 mg/mL) and collagenade

(0.035 mg/mL, both from Worthington Biochemical Co., Lakewood, NJ) in W3+ and incubated

in this digestion solution at 37 °C for 15 min. Perfusion and incubation were repeated three times
in total.

The glands were then bisected, and the medullae were peeled off and finely minced.
Minced tissue was stirred in the digestion solution at 37 °C for 30 min. The resulting mixture was
filtered (2500m st eril e nyl on) and c e minroipélletgeisdThe@t 800
supernatant was discarded, and the cell pellet wassgended in equal parts of W3+ and Percoll
gradient buffer (36 mL Percoll gradient, 4 mL of a 10 concentrated W3 buffer). -Buspended
cells were centrifuged at 3,700Ga837 e C for 20 mi n. The chromaf
collected and filtered (4®m st eril e nylon) and the filtrate
Medi um (DMEM) foll owed by centrifugation at 6
The supernatant was discarded, and the resultant cell pellet was resuspenrgedliradidified
methanol (90:10:1 Methanol/Water/Glacial Acetic Acid). The cell suspension was then manually
homogenized using a tissue homogenizer (R&hezhjem PTFE pestland glass tube, Sigma
Aldrich Co., St. Louis, MO). Next, the sample was centrifuged at 14,000 RPM for 15 min to pellet
the cell debris, and the resulting supernatant was transferred into another set of vials. Subsequently,
the supernatant was dried usm§peeévac, and the dry vial contents were reconstituted in formic
acid (0.1% v/v in water, 15 ¢l ). Finally, t h
precipitate insoluble components, and the resulting supernatant was used for measuring peptides

through nanoL&hanoESITIMS-MS/MS (Bruker, Billerica, MA).
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Adrenomedullary tissue slice preparation. The adrenal gland extraction procedure
(above) was followed until the end of three incubations with W3 buffer. Then, the glands were
flushed and incubated for 15 min with W3+ buffer, instead of the digestion solution. The flushing
and incubating were reptea two more times. The glands were then dissected, and using a pair of
tweezers or forceps, the medulla was peeled off and collected onto a sterile petri plate containing
artificial cerebral spinal fluid slicing Wfer (aCSF; 119 mM NaCl, 2.5 mM KCI, 1 mM
NaH2P04.H20, 26.2 mM NaHCO3, and 11 mM glucose), as previously described by the Margolis
lab>® Then, using a sterile scalpel blade, the adrenal medullae were thinly slice tor-in
diameter and ~0:0.2 cm in thickness. Slices were placed into a circular dish containing
continuously oxygenated, iam®ld, aCSF perfusion buffer (1x aCSF, 1 mM@G48.6 H20, and 2
mM CacCl2.2 H20). Following slicing, the tissue slices were allowed to recover-&0 #Atinutes
at room temperature before performing SPE.

Solid Phase Extraction (SPE) of releasate at tissue slices with C18 bealidsa lo-bind
PCR vial containing pure acetonitrile, a collection of C18-mein D beads were added to prime
and condition the beads prior to their use. The beads were centrifuged down with a benchtop
centrifuge, and acetonitrile was removed with a pgedtiext, the beads were primed with aCSF
perfusion buffer.

A tissue slice (or multiple slices without overlapping) was placed on a sterile disposable
petri plate, and a nicotine stimulant (40 uM in aCSF) was added in a volume sufficient to cover
the tissue slice (~2 pL). Conditioned X8 beads (~1Q5 pL) were cafully applied onto the
tissue slice allowing the beads to sink and settle on the slice. The beads were allowed to rest on
the slice for 15 min. Then, the tissue sample was acidified and stabilized with glacial acetic acid

(5% v/v, 100 uL). The sample wagently swirled with a micropipette to resuspend the beads.
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While tilting the plate, the solution with beads on the tissue was carefully collected into a sterile
PCR vial. The suspended bead solution was centrifuged at 4000 RPM and the supernatant was
discarded. A rinse solution (800 pL; 2% v/v acetonitrile an@.1% v/v formic acid in water)

was added to the beads and resuspended. The suspended bead solution was centrifuged at 4000
RPM and the rinse solution was discarded. A releasing solutieh0®@@L; 70% v/v acetonitrile,

and 30% v/v of 0.1% formic acid inater) was added to resuspend the beads, and waited for 15
min. The beads were centrifuged at 4000 RPM, and the supernatant was carefully collected into a
sterile, lebind PCR vial. Spent beads were discarded.

For sampling electrically evoked release from the tissue slices, the conditioned beads were
first applied onto the tissue, sufficiently covered with aCSF (without any stimulant added). An
electrical biphasic stimulation (2 s, 500 pA, 5 Hz, 10 pulses) walsea every minute, for 15 min
by using HighDefinition Cyclic Voltammetry software (HDCV, University of North Carolina at
Chapel Hill). Following stimulation, the tissue was stabilized with acidified methanol, followed
by collecting the beads, rinsingydreleasing steps as described above. The final supernatant was
carefully collected into a sterile,-lsind PCR vial and spent beads were discarded.

The release samples obtained from both chemical and electrical stimulations were dried in
SpeedVac, reconstituted in formic acid (0. 1%
min to remove insoluble components. The resulting supernatant whfouseeasuring peptides
through nanoL&anoESITIMS-MS/MS (Bruker, Billerica, MA)

Peptide measurements and sequencing with nanol@anoESIKTIMS -MS/MS.

Peptide extracts were structurally characterized using Bruker nanoElute LC hyphenated via
CaptiveSpray nanosource to Bruker timsTOF Pro mass spectrometer. For analysis, equal volumes

of medullary cell extracts (n=2) and releasdtesn distinct sliceswvere injected onto a Bruker

88



PepSep Forty column (75 um ID, 1.9 um patrticle size, 400 mm length) equipped with a precolumn
trap for desalting. The separation was performed at a uniform flow rate of 300 pL/min and a
temperature of 40°C. The mobile phase consisted of solvent A (0.b%cfacid) and solvent B
(acetonitrile with 0.1% formic acid). A gradient of solvent B was applied, starting from 2% and
increasing to 10% in 5 min and then to 50% over next 55 minutes, followed by a rapid ramp to
90% for wash, and finally equilibration witstarting conditions. The positive ion mass spectra
were acquired in Parallel Accumulation Serial Fragmentation (PASEF) mode with a cycle time of
1.9 seconds.

Peptide and prohormone identification. PASEF spectra were processed for peptide
identification using the PEAK®nline 11 platform with a custom database of secreted bovine
proteins. The Uniprot bovine proteome (37,506 proteins) was filteré@ %3 secreted proteins
although filtering function was not perfe@uplicates were removed, and the list was exported as
FASTA for use with PEAKS for interpretation, identification, and characterization of post
translational modificationsPEAKS De novo, PEAKS DBdatabase searchinbased protein
identification, and PEAKS PTM (post translational modification) searches were used to identify
spectra. Search parameters included Amidation, Phosphorylation (STY), AcetylatiofgliPyro
from Q/E, and half of a disulfideibige as potential PTMs, allowing for a maximum of three PTMs
per peptideThe false discovery rate was set to a 1 %offitPrecursor mass error tolerance was
set to 20 ppm, and fragment mass error tolerance to 0.05 Da.

Data Analysis. Protein abundance values were obtained from the PEAKS Studio search
results and were calculated as the sum of peak areas of individual experimental peptides mapped

to a protein with a unique accession number in the search database. Protein distributgpn amo
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sample types was computed and plotted using Excel (Microsoft, Redmond, WA) and GraphPad

Prism 8 (GraphPad Software, Inc., La Jolla, CA).
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CHAPTER 4: Investigation of Dopamine and Hydrogen Peroxide Dynamics iResponse to
Non-Selective Electrical and Selective Optical Stimulation in Rat Striatum

The following work was conducted in collaboration with Kalynn Turner in the Sombers lab. The

purpose of this work was to examine how the type of stimulation (electrical or optical) effects the

release of dopamine and generation of hydrogen peroxidestriedtim.

Introduction

Neurodegenerative diseases are characterized by the progressive loss of specific neuronal
cells. While there exists a wide range of neu
one of the most commaandresults in muscle rigidity, slowed movement, and resting tremor
Many neurodegenerative diseases, sucR@shave been linked to a decrease in extracellular
dopamine (DA)oncentration which can result from the death of DA cells in the substantia nigra
(SNc). The dpaminergic neurons of the SNc are particularly sensitive to degradation, due to
constant tonic firing and the huge energetic burden of sporadic burst firing which is physiologically
very important in striatal functioh? Degradation oflopaminergic neurons in the SNc, can lessen
the DA projections in this pathway that terminate in the striatum. The death oéDBodies is
undoubtedly one of the major factors contributing to the loss of motor control and difficulty
initiating movement that PD patientso6é experie
in life, it is estimated that 580% of dopamingjic cells in the SNc are already dead by the time
of diagnosis It is unclear when degradation begins, it could be over the course of a lifetime.
However, the death and damage of dopaminergic cells is irreparable.

Oxidative stress has been heavily implicate®ihand occurs when there is a chemical

imbalance between the generation and degradation of reactive oxygen specie3 QROSich
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ROS that is found prominently in the brain is hydrogen peroxid@A)HThe detection of kD> is
of particular interest for the field of neuroscience, becau€e id a biologically relevant signaling
molecule, a ROS and precursor/product of free radical generation in biological processes including
cellular respiration,as such,it can also serve as a quantitative gauge of cellular activity.
Additionally, endogenous #D. has been implicated as a chemical modulator of neurotransmission
in striatum® Previous research in the Sombers lab has demonstrated a role for these striatal
neuromodulators in am vivo PD-like model, that was being treated withRDlOPA, the gold
standard treatment offered to PD patients. In this study, they demonstrated that@@ddDA
transients were timbcked with bouts of abnormal rotation, a consequence of the lesioned
hemispheres and also demonstidtee correlation of these dynamics with dyskinetic behaviors,
which are a known sideffect of L.DOPA treatment. Striat H.O> rapidly increased with rotation
onset as DA decreased, suggesting interplay between DA @hdrthe initiation of involuntary
movement in striatunhFurther researchas shown that #D, generated in respiration of medium
spiny neurons (MSN) diffuses through the cell membrane to inhibit DA terminal release by way
of Katp channels. Thus, the activity of MSN cells implicate®©bas a negative modulator of DA
signaling in the striaturfi®® The key cellular source of modulatory:® is thought to be
respiration of the striatal MSNdHowever, multiple theories exist about the subcellular source of
H20», including enzymatic degradation ofROPA, DA, and DA metabolites by enzymes such as
monoamine oxidase (MAQG)®

Direct measurement of ROS is often complicated largely due to their instability, highly
reactive nature, and relatively low abundan€lus, even the most basic questions remain
unanswered, such as how®4 concentrations in striatum scale with stimulation with the

magnitude of DA releasedirect monitoring of HO2 can be achieved usingdtscan cyclic
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voltammetry (FSCV) coupled with carbdiber microelectrodes This technique enables
molecules like HO. to be monitoredn situ with chemical selectivity ora millisecond time
scale’! The electrochemical oxidation of.6; is contingent on a sufficiently oxidized carbon
surface, and thus requires a higher potential limit than that required for quantification of
catecholaminesHowever, because the triangular waveform also readily supports detection of
catecholamine€f)A and HO: fluctuationscan besimultaneously measuie

In this work,a slightly different waveform is employed to aid in thedstection of DA
and HO».. Here, & d o urlangled v ol t a mme t rcoupledwith & partiableassquares
regression model to distinguish® from interferents that are commonly encountdregivo,
such as pH shift&Neurochemical dynamics are characterized in response tspsaific electrical
stimulations of the&SNg as well as in response to specific optogenetic stimulation of the DA cells
in thisprojection.The realtime measurements reveal that DA an€®kcan be reliably generated
by nonselective electrical stimulation. Moreover, DA scales with stimulation duration wite H
only scales with stimulation duration when higher simulation (60 Hz) parameters are employed.
In comparison, when using a more selective optical stimulation, significantly less DA is released
and no quantifiable amounts ob®b were present. Taken together, this work elucidates how the

type of stimulation ultimately effecstimulation @okedDA and HO, dynamics in striatum.

Results and Discussion

Simultaneous Electrochemical Detection of Dopamine and Hydrogen Peroxide using the
Double Triangle Waveform

Fastscan cyclic voltammetry (FSCV) allows for the simultaneous detection of DA and
H20O:> fluctuations with high spatiotemporal resolution in the brain. The standard triangular

waveform is used by the majority of FSCV researchers as it is very approachable, straightforward
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to apply, and the data recordiedelatively simple to interpret. Additionally, when coupled with
carbonfiber microelectrodegor neuroscience applicatiothe triangle wavefornprovidesfor
guantification of catecholamines (DA), hydrogen peroxidgOd{ and shifts in pHwhich are
prevalent in response to electrical stimulation of brain ti$$Each of thesepeciegjenerates a
distinct cyclic voltammogrartCV) that can be usddr qualitative identificationTheredoxpeaks
for DA and HO. are very well separated ands such,these components can be easily
distinguishedand quantifiedHowever shifts inpH generate a CV that spans the entire potential
range, with peaks that are a bit more nondescript.

Shifts in pH are commonly evideatfter stimulation. @rbon dioxiddas consumediuring
neural activityevoked by stimulation, whicleads to the generation carbonic a&érbonic acid
is whisked away from the recording locatiby blood flow in the nearby capillarickaving a
basic pH shiftevident in the dataCarbonfiber microelectrodg are very sensitive to the
concentration of protons in solutiodye to the oxidized nature of the edgane of the carbon
surface whichupon electrochemical conditioning, becomes decorated with oxy@@aining
functional groups:¥*° As such, any local shift in pserves tgrotonaé and deprotonathe sensor
surface which leads tothe readilyobservable pH signalUnfortunately H>O: fluctuations are
often confounded with changes in the pH when using the traditional triangle waybfrause
both species generate a peakhB V (Figure 4.1A).

To circumventdrilaing)] ed dva FigdidadidBnhwhiclaenplays e d (
two successiveariangular sweeps each25 msec scatf:’ The first (smaller) trianglepans a
potential range from0.4 V to 0.8 \/ which is insufficient to oxidiz&i.0,. HoweverDA redox
activity andthe pH signal corresponding to the protonation/deprotonation of the electrode surface

are evidentThelarger triangular sweegpans from0.4 Vto +1.4 V andimmediatelyfollows a

101



10 msec holding periodCVs generated with this waveform demonstrate the redox activity of all
three species(DA, H20,, and pH) Figure 4.1C presents a representative color plot of raw
voltammetric data collected using this complex double waveform. In the bottom portion of the
plot, a bolus of colomt ~0.6 V corresponds to oxidation of D&ith no evidence of additional
redox currentThe top portion of theolor plot which corresponds to the larger triangle, exhibits
asimilarbolus of colorat~0.6 V from DA oxidation,as well asn additionaspot of anodic current
evident at-1.3 V, indicative of H.O> oxidation.If training sets of data are collecting using both
waveforms, partial leastquares regression analysis can be usegredict theH2O. and DA
contributions in voltammograsncollected with thelarger waveform. The contribution ofpH

remains in the residual data
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Figure 4.1 Fastscan cyclic voltammetry for the atetection of dopamine and hydrogen peroxide.
A) Cyclic voltammograms #0> and shift in pH, the dashed line demonstrates the overlapping
oxidation peaks ~1.3 \B) The doubldriangular waveform for simultaneous dopamine (DA) and
hydrogen peroxide (#D2) detection.C) A representativecolor plot of raw voltametric data
generatedn the detection of DA and 4@, using a flow cell apparatuBA oxidationis detected

in both the small and large triangbertions of the wavefornt~0.6 V), however,H>O> is only
detectedusingthe large triangular sweep(~1.3 V). D) Cyclic voltammogramgor standards of
dopamine (DA) (left) and ¥D- (right) recorded using the double wavefof&).Calibration lines

to determine sensitivity for DA (blue) and®k (red) (n = 3 stiralations per concentration, error
bars reflect + standard error of the mean (SEM)).

A series of CVsvererecorded for DA standards in a flevell apparatus using the double
waveform. The signal demonstrates the characteristic voltammetric response for DA oxidation and
the subsequent reductionA-ortho-quinone, with redox curresincreasing in a concentration
dependent manneFigure 4.1D 1 left). Likewise, the CVs for standards of®b (Figure 4.1D T
right) show one distinct peakssociated witlthe irreversible oxidation of #D, and the anodic
current issimilarly dependent on condeation. The concentratisusedherespan the range of
expected physiological concentrationsdiemonstrate thahe double waveforncan be used to

distinguishthese specie® vivo. The sensitivity of the electrode each analytevas determined
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using linear regression analysisdure 4.1E). This series oin vitro measurements an example
of a very simple training set that caerve as the foundation for chemometric analysis of unknown

data collected in rat striatal tissue.

Estimation of DA and M-ENK Concentrations from Rat Striatum Using Partial-Least
Squares Regression Analysis

Figure 4.2 demonstrates aim vivo electrochemical recording that reflects rapid changes
in DA and HO> concentrations cdetected at a single carbéiber microelectrode positioned in
the dorsal striatum in response to stimulation (60 Hz, 120 pluses, 400 uA) of the substantia nigra
pars compacta (SNc) region of the midbrain, where DA cell bodies are abuldapresentative
color plot of the data is shown Figure 4.2A. A CV recorded ~12 seconds (white dashed line,
CV overlaid in white), demonstratesetitcodetection of these two species in réale. Because
oxidation peakd$or DA and HO>, as well as the reduction peak for @Aquinone, are all very
well separated, the individual components can be pulled out and quantified using statistical
methods like principal component regression (PCR). However, this technique requires principal
comporents that are orthogonal to one another to successfully separate peaks. This presents a
problem for analyzing complex signals of DA angdzdue to the presence of pH, which has an
oxidation peak that overlaps with that of®4. As such, thexidation signals of basic pH changes
and B0 are not orthogonal and cannot be sepanasaty PCR

Instead, partial least squares regression (PLSR) can be used to deconvolute the signals.
This is a supervised multivariate statistical analysis method that has been shown to improve
predictive accuracy over PCR when analyzing FSCV data for complex midtinesiltiple

neurochemical&® This technique prioritizes variations in input (current responses) that correspond
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to qualitative and quantitative changes in output (analyte classification and concent?&ILcBiR
projects both predictors (CVs) and the response variables (concentration) to a multidimensional
space to identify the principal components (PEsyuyre 4.2). In the analysis of voltammetric
data, the predictor CVs, often called a training set, are obtaingtto from known standards
spanning the physiological concentration range. The training set is used to predict the contributions
of analytes in an unknown mixture and remove them.

Four different concentrations of.8> (Figure 4.2B, left) and DA Figure 4.2B, right)
were used for construction of the training sets. A color plitayfo data Figure 4.2A) comprised
of thousand®f voltammograms of complex signals that were collected in tissue is compared to a
training set fotheindividual analytes. The first PLSR analysias run with principal components
unigue to HO> to separate the predicted®t contributionto the mixed signglFigure 4.2C, top,
red). Then, asecond iteration of this process performedto distinguishthe DA and pH
contributionsin the residual color plot. The model predidthe DA contribution, as depicted in
the color plot Figure 4.2C, bottom, blue). Thus the residual color plot contained the information
pertaining to shifts ipH and other variabilityFigure 4.2D). The PLSR predicted C\sr DA
(blue) and HO:> (red) were normalized andirectly compared with the experimental détéack

dashed line) teisually confirm thaboth analyte were captured using this mod€idure 4.2E).
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The time of the electrical stimulation (6&z 120 Pulses, 400 pA) genoted by a black arrow. A

vertical slice through the color plot (2 sec after stimulation, white dashed line), yields a CV (white)

with oxidation peaks for bothA and HO». B) A training set isompiled of the expected analytes,

H>O> (red) and DA (blue), spanning the physiologicahge C) The complex signal (A) is

compared to a training set of knowrn®4 concentrations

The mo d e |

t hen

contribution of HO: (top color plot, PLSR Predictec:8,) in the raw data, leaving behind the DA

contribution and any additional residual current. This process is refmateinparing the color

plot of residual current to RA training set (bottom color plot, PLSR Predicted Dfy reliable

predidion of the DA contribution to the signal'he characteristicCVs for H20O (red) and DA

(blue) demonstrate the ability to parse aplaeseindividual contributiongo the complex signal.

D) After removingcurrents corresponding 1602 and DA, minimal current remainsE) The

predicted HO- and DA signals can then be plotted and overlaid with origina tG\énsurehat

thesignak wereappropriatelyextracted.
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Optogenetic Manipulations Allow for Selective Control of Neuronal Firing with Light
Dopamine (DA) cells often fire in a bursting pattern, and these bursts of activity are
physiologically very important for rewanelated learning, goalirected behavior, and robust
locomotion?®28 When studying the DA system, researchers commonly use both elééfieald
optical stimulatioA" 23 techniques to depolarize DA cell&/ith both approacheshe stimulation
parametersre customizablesuch that eésearchers can control the duration and frequentyeof
stimulation.An dectrical stimulation broadlgnd norspecificallydepolarize all responsive cells
in the area around the stimulating electrode. In contrast, optogenetic toolsoaltepolarization
of specific cellular subpopulations in responsdistinctwavelengths of lightKigure 4.3A).
Channelrhodopsi2 (ChR2) is an engineered excitatdight-activated cation channel
derived from lightsensitive algal protein Chlamydomonas reinhardtiit #ibbows for the fast
depolarization of neurons upon exposure to blue (473 nm) ligigue 4.3A-B).243" To
specifically express ChR2 on DA cellbetcredependent transgene encoding the CpRiein
and a fluorescent tag (mCherry) was inserted into a viral vector (AAU)ite expressionTo
achievespecificexpressionn DA cells Figure 4.3B, left), a secondary creecombinase AAV,
under the control of the rTH promoter, wasiofused, as previously demonstrat&iTyrosine
hydroxylase is the rate limiting enzyme in the production of DA, thus targ€hirgecells allows
for selectivecontrol of DA neuronsin the absence @re-recombinase, the ChR2 gene is retained
in an inverse, nosense orientation. Whebre-recombinase is expressed in the TH+ cells, the
doublefloxed inverse orientation (DIO) reading frangeinverted enabling expression of the
ChR2 transgen#or selective depolarization of DA neurons in response to flashbhkie light

delivered to the brainging an optical fibef473nn) (Figure 4.3A, right).3° Protein expression
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was confirmed at the recording site (dorsal striatum) and at the infusion site (SNc) using the
fluorescent mCherry tad-igure 4.3C, D).

Although these stimulation techniquese commonly used to evok2A releasein the
striatum, they are rarely directly comparadd the evoked release of additional small molecules
has been largely overlookedhis is important, because depolarization of distinct cellular
populations should drive the releaseabfange ofneurochemicals in striatum. In our hands,
electrical stimulationeliably generate bothDA and HO; in striatum!! but no previous studies
have characterized the;Eb response t@ither electrical or opticatimulation despite a known
role of H202 as a negative modulator of DA signafii§ Thus, the goal of this worlas to
characterizend directly comparBA and HO: fluctuaions evokedin striatum byelectrical and

optical stimulatiorof themidbrain.

108



A Electrical Stimulation

Optical Stimulation I

(473nm light) 4§

— rTH Promotor = Cre

loxP

loxP

— mCherry- > ChR2

<

473nm light

Dorsal Striatum

Dorsal Striatum

Figure 4.3 An excitatory channelrhodopsin (ChR2) allows for the selective activation and control

of midbrainDA terminalsin striatum.A, B) An exogenous transgene for ChR2 expression was

specifically targeted to DA neuroms the midbrainusing aCre-recombinase aderassociated

virus (AVV) driven by the tyrosine hydroxylase (rTH) promotor. In the presence of blue light (473

nm), neurons expressing the Ch&2depolarized through chlorine influx, potassium efflux, and

sodium influx (created with BioRender.com() A representative widéeld fluorescence

microscopy image confirgprotein expression in the dorsal striatamdD) at the site oinfusion

(SNO.
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Characterization of Dopamine and HO2 Dynamics Following Global Electrical and
Selective Optical Stimulation

Carbonfiber microelectrodes werpositionedin the dorsal striatunsuch thatthe DA
signal was optimized. Systematic variation of the stimulation paranveasrasedo characterize
the dynamics of DA and 4@, in reattime. The duration of thelectrical stimulation delivered to
the SNc vasfirst varied byincreasingthe number of pulses (60, 90, or 120 pulses) at a fixed
frequency of 30 Hz (2, 3, and 4csauratior). Representative color plot$ raw datademonstrate
the cedetection of DA and FD- at the same electrode and locatidiig(ire 4.4A), and he
individual contributions of DA and #D, weredistinguishedusing PLSR for quantification.

Cyclic voltammograms (C¥, Figure 4.4B) were extracted from the color plots and
directly comparedo better examine the effects of stimulation duratintoth analytesThe data
show DA release scales wistimulation duration, consistent with the literatéftélowever, the
trend appears to be less clear &xtracellularH20. dynamics(Figure 4.4, red) Qualitative
assessmertf the color plots Kigure 4.4A) suggests that the-B. signal is relatively smalhs
compared to the DA signahs the stimulation duration increased, the evoke@®4bignalalso
appeared tincrease, bua significantdifference was not reached (p > 0.083ross all subjects
(Figure 4.4C), DA concentrations (bluedcaledwith stimulation durations (ore&ay ANOVA
with Tukeybés post hoc test, * ;howeverQexta&iBilaZr and °
concentration®f H20» (red) did not directly scale with the duration of the electrical stimulation
As the RBO» signal was quite small, it was possible thabigher stimulationfrequency was

requiredto generate a larger2-. signal for reliable quantification.
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Figure 4.4 DA and HO> dynamics evoked in response to electrical stimulaf(gth Hz) A)
Representative color plots recordadstriatumin response tthe application 060, 90, and 120
stimulationpulses(400 uA) applied to the SNc &0 Hz (black arrow) Both DA and HO. were
evokedby stimulationand their signals scaled with stimulation duratBpPLSRpredicted DA
(blue) and HO2 (red) cyclic voltammogramextracted from the dat&lote the difference in the
scale of the Yaxis, as the anodic current generatedi#®. oxidation is much lower than that
associated with DA oxidatiorC) Normalized maximum concentrations evoked in response to
increasingstimulationduration Across all animals, DA significantly increased with stimulation
duration, whereathe H.O> data exhibited more variabilin=5 animals, onevay ANOVA with

T u k ey éhec tgstp*p K 0.0332, *** p < 0.0002, error bars reflect + SEM).

The experiment was repeated usangtimulation frequencyf 60 Hz Figure 4.5). Evoked
DA concentrationscaledwith stimulation durationconsistent with thelata collected a30 Hz.

The H20; that was simultaneously recorded at the same electrodsigisficantly scaledwith
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stimulation durationKigure 45C,oneway ANOVA with Tukeyds post hc
** p < 0.002, n=5 animal)s suggesting tha& harderstimulation may be required to evolktee

generation of enough29- to bereliably quantified.
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Figure 45 DA and HO, dynamics evoked in response to electrical stimula(BghhHz). A)
Representative color plots recordadstriatumin response tthe application 060, 90, and 120
stimulationpulses(400¢A) applied to the SNc &0 Hz (black arrow) Both DA and HO. were
evokedby stimulationand their signals scaled with stimulation duratBpPLSRpredicted DA

(blue) and HO- (red) cyclic voltammogramextracted from the dat&lote the difference in the

scale of the Yaxis, as the anodic current generatedH#®, oxidation is much lower than that
associated with DA oxidatiorC) Normalized maximum concentrations evoked in response to
increasingstimulationduration Across all animalsDA and HO: significantly increased with
stimulation duration, (n=5 animals,emeay A NOVA wi t hhocTestk*g@x 0.8332p 0 st
*** p < 0.0002, error bars reflect £ SEM).
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Next, corresponding experiments were conducted in the same animals using a train of light
pulses 473 nm) delivered to the SNc via a fiber optic theds bundled to the polarstimulating
electrode prior to implantatiolBy bundling thee tools into one multimodal device, ttype of
stimulation could be easilpanipulatedvith the flip of a switch, allowindor direct comparison
of the different stimulatiomodalitiesat preciselythe same locatior={gure 4.6). The duration of
the train of stimulation pulsesas varied in the same a manner as the electrical stimulation
experiments described abof@®, 90, or 120 light flashes applied at 30 andH&]

Selective optical stimulation of the dopaminergic midbrain rexdeaditical differences
between optical and electrical stimulatimodalities A direct comparison afepresentative color
plots andCVs extracted from those plots is providedRigure 4.6. The datademonstrates
striking decrease in the amount of DA angDblevoked by the optical stimulation, as compared
to the electrical stimulation of the same difggure 4.6). In this example the nonspecific
electrical stimulatiorevoked~273% more DAreleaséhanthe correspondingptical stimulation
that selectively targeted the DA cells. No quantifiabdi®©, was ecordedin response to optical
stimulation The limit of detection (LOD) must be considered to ensure that the signals are
sufficiently high forreliable analysis.Here, he LOD is defined ashree times the standard
deviation of the noisevhichwas det er mi ned -Gcante03003 TheMf bor H
amount of HO. evoked usinghe optical stimulatiomas significantlybelow the LOD precluding

accurate quantification
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Figure 4.6 ExtracellularDA and HO- concentrations evoked in striatum aependent on the

Optical Stimulation \( Electrical Stimulat

type of stimulationemployed Representative color plots demonstrate a stark difference in the
amount of DA and kD> evokedat a single striatal recording siteresponse tanelectricalvs an
optical stimulatio of the midbrain (60 Hz, 120 pulse¥)0 pA). Electrical stimulatiorelicited
~27% more DA thanthe correspondingptical stimulationof the same siteThe H2O>
contributionto the signal elicited by electrical stimulation veagracted and quantifietiowever,

any H>O. generatedn response to optical stimulatimould notbe reliably quantifieds it was

|l ess than the LOD (3.0 &gM).

As discussed previously, 2B, is readily generated ithe process of mitochondrial
respiration when the cell requires ATP to fuel an energetically demanding process, such as
depolarization or hyperpolarizatié®4° Thus, it stands to reason thahen striatalcells are
responding to a range of transmitters evoked by a broadspemific stimulation, morél>O> is

generatedt those cells and detected at the electrode positioned n8grbgntrastfewer cells
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wereactivatedby the selective optimal stimulation gra$ suchless HO>was generated by the
postsynaptic cells responding to transmitters evoked by the stimul@h@nhypothesis aligns
well with our experimera results Across allanimals extracellular DA concentrations scaled with
the durationof the optical stimulation doth 30 Hz and 60 HZ{gure 4.7C, oneway ANOVA

with Tukeyds post hoc test, n 9, copsistent viththe 2 3 4 , *

literature3?
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Figure 4.7 DA dynamics evoked in response to optical stimulattonRepresentative color plots
recorded in response to 60, 90, and d@@ulation pulses appliegt either ® Hz (top) or 60 Hz
(bottom black arrow) Optically evokedDA releasescaled with stimulation duratioB) PLSR
predicted DA cyclic voltammograms elicited in response3@oHz (left) and 60 Hz (right)
stimulations C) Normalized maximumextracellular concentrations evoked in response to
stimulation. Across all animals, DA began to stewend whereas concentrations increased with
stimulation duration for both frequencies (eneay A NOVA wi th Tukeyds pos
0.1234, * p < 0.0332, n=4 animals, error bars reflect + SBM)oss all animals, concentrations
increased as a function of stimulation duration; however, the study is underpowered and likely
needs more animals to confirm statistical significance.
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Across all the data, it is important to note that both optical and electrical stimulation
experiments were analyzedingPLSR toobjectivelydeconvolute and extract the signals. While
PLSR is well suited for this kind of analysis, it has proven to have some difficultiestinen
signals are relativelgmall Several factors could contribute to the small signal inclugingical
precision and accuracinsufficient protein expression, amwise In addition the training sets
used to analyze the experimaindata(peakoxidationreductionpotentiat and overall CV shape)
mustmatch theexperimentatlata as clodg as possible. If there asmyinconsistencies ithese
factors,PLSR may fail to reliably extract the entire signal. As a result, some o&tlrechemical
signalcan be left behind in the residu@l misassigadto the wrong analyteNotably, this study
remains a bit underpowered. In the future, an additional set of animals will be investigated to better
evaluate the significance of differences between the signals evoked by broad electrical versus

selective dopaminergic stimulationstb& midbrain projection to striatum.

Conclusions

In conclusion,DA and H2O> are key players in brain function and dysfunction. In this
study, we investigated the reahe dynamics of DA and #D; in rat striatumin response to
commonly used stimulation techniques, specifically-selective electrical and selective optical
approaches. We achieved selective stimulation usi@gealependent excitatory opsin (ChR2)
which allowed specific control over the dopaminergic neurons. This was directly compared to the
nonselective electrical stimulation which wilepolarize any cell nearby. Overall, the data suggest
that the norselective electrical stimulation of the SNc is sufficient to drive release and generation
of DA andH20:> in dorsal striatum. Additionally, this work examined what stimulation parameters

were required to drive the release of both neurochemicals. When the frequency was held constant
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and pulses varied, the evoked DA scaled significantly with stimulation duration. The same can be
said for HO> when held at 60 Hz, but not 30 Hz. Furthermore, our results suggest that optical
stimulation was insufficient to cause® generation, likely due to decreased cellular respiration
because of the more selective stimulation. However, optical stimulation was sufficient to drive DA
release. Like the results for electrical stimulation, DA scaled with stimulation duratson,
consistent with previous wfies?® Taken together,examining DA and KD in response to
different types of stimulation provides a solid foundation for the field moving forward. This is
particularly important in light of studies demonstrating thaDHis an important negative
modulator of DA signaling:° Ultimately, this will shed light on the complex convergence of
disparate neurotransmitter systems that work together to drive striatal function, thus aiding in the
advancement of improved therapeutic treatments for a variety of neurodegenerative andedopam

associated disease states.

Materials and Methods

Genetic Constructs.All genetic constructs were packaged and purchased from Addgene.
For these experiments, the excitatory channelrhodopsin (pERYadouble floxedhChR2
(H134R}ymCherry WPREHGHpPA (AAV5), a gift from Karl Deisseroth (Addgene plasmid #
20297; http://n2t.net/addgene:20297; RRID:Addgene_20297). This transgene was packaged for
Cre-dependent expression with the double floxed reading frame and included a red fluorescent
protein (mCherry) to aid in determination of ChR2 expression through fluorescence microscopy.
To obtain neuronal specificity for TH neurons, a secondargieHecmbinase packaged into the
AAV.ITH.PI.Cre.SV4, a gift from James M. Wilson (Addgene plasmid # 107788;
http://ni2t.net/addgene:107788; RRID:Addgene 107788), was used. Both viral components were

diluted using sterile phosphate buffered saline (PBS) to achieve the target titer ‘Sfvapt..
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The EFladouble floxedhChR2 (H134RMCherryWPREHGHPpA and rTH.PI.Cre.SV4
plasmids were previously described. Briefly, the -@eombinase expression is driven by a
tyrosine hydroxylase (TH) promotor, which restricts the expression to only TH+ neurons
(dopaminergic). The second ChR2 construct is driven by a generalized promotor (EF1a), but it is
retained in a doubl8oxed invertel orientation (DI1O), which requirésre-recombinase present to
reorient it to allow for specific expression of the transgenselect cell populations. Using a
combinational viral approach, previously demonstrated by Caroline Bass and colldadn@se
recombinase was infused into the area of interest with the secondary const@retdependent
expression of the excitatory optogenetic active ChR2 (1:4&fBHecombinase: ChR2 (1x£0
vg/mL, 2.4l total volume infused, 1.2uL bilaterally)). Wheninéused into the SNc, selectivity
is achieved as Cre is expressed only in the dopaminergic (TH+) neurons, which are the only cells
to express the ChR2 protein. Expression was further cordfimseng widefield fluorescence
microscopy to image the sitd infusion (SNc) and the cell terminals in the dorsal striatum on the
day of the experiment.

Animal Subjects and Care.All animal care and use procedures followed North Carolina
State University Institutional Ani mal Care ant¢
Guide for the Care and Use of Laboratory Animals. Adult male and female Sipaguey rats
(2755009g,Charles River Laboratories) were pair housed in a temperature and hecoidlitylled
environment (12h/12h ligkdark cycle, with unlimited access to food and water) for at least 2 days
prior to genetic manipulation. After genetr@nipulation, animals were singf®used with extra
enrichment in a temperature and humidigntrolled environment (12h/12h lighark cycle, with

unlimited access to food and water) for ~4 weeks, until the in vivo recording was performed.
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Stereotaxic virus injection. Animals were anesthetized wiP6 isoflurane (5 min, 2
L/min O2) and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Isoflurane
levels were maintained at ~2:08. 0 % f or the duration of the p
temperature was mai ningpad andl hydration3was ceeCkedvevetyll5 a h «
minutes. The scalp was shaved and cleaned with betadine and alcohol and the skull was uncovered
by making an incision vertically along the scalp.

Two small holes were drilled above the substantia nigra compacta (SNcinim AP, +
2.3 mm ML relative to bregma7.3 mm DV relative to skull) to emject a combination of EF1a
double floxedhChR2 (H134RMmCherryWPREHGHpPA and rTH.PIL.Cre.SV4, accamd) to
coordinates from the Paxinos and Watson rat brain atlas. The protein was gradually infused at a
rate of 0.1 uL/minute through a microinfusion needle attached to a Hamiliton syringe controlled
by a microinfusion pump. Following infusion, the micraision needle was left in place for 10
minutes to prevent spread of the protein during removal and to allow for absorption of the protein
into the proper brain region. Animals were sutured and removed from isoflurane. Once
ambulatory, acetaminophen was adistiered orally (10800 mg/kg, ~0.2 0.4 mL, offered every
8-12 hours up to 48 hours pegperation) and antibiotic ointment was placed on the incision for
up to three days followed by close observation for five days. Animals were left to heal for ~4
weeks, during which time the protein was expressed.

Carbon-Fiber Microelectrode Fabrication. Insulated carbofiiber microelectrodes were
fabricated from 650 carbon fibers (7 um diameter, Cytec Industries) aspirated into a borosilicate
glass capillary tube (1.0 mm external diameter, 0.5 mm internal diameter, 10 cm dhg, A

systems), as previoystlescribed in Chapter 2.
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Electrochemical measurements Electrochemical measurements were made using a
potentiostat (Universal Electrochemistry Instrument (UEI), University of North Carolina
Department of Chemistry Electronics Facility) interfaced with a fstage amplifier (Pine
Research Instruments). Potestiat control and data acquisition were accomplished using HDCV
software (University of North Carolina Department of Chemistry Electronics Facility) interfaced
with the potentiostat through a PCI Express multifunction 1/0O aeyPCle6363, National
I nstruments). All electrochemical measur ement .
consisting of a smaller triangular waveform r
waveform rangi ng ppliedusingia Scandatetofod00+Vi ardl separated Oy a 1
ms hold at 1T0.4V (appl i dz Waveforrawas appliedeohce during f r e g |
each recording over the course ofBID s. Background subtraction and digital filtering were
performedafter data acquisition using HDCV Analysis software (University of North Carolina
Department of Chemistry Electronics Facility). To better interpret current changes over time across
potential sweeps, cyclic voltammograms were unfolded and assembled bgtec@ting
sequentially collected voltammograms and currents are plotted in false color.

Anesthetizedin vivo recording. Animals were anesthetized with 5% isoflurane (5 min, 2
L/min O2) and placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA). Isoflurane
levels were maintained at ~2-38. 0% f or the duration of the e
temperature wamma i nt ai ned at 37 eC with a heating pact
minutes. The scalp was shaved and cleaned with betadine and alcohol and the skull was uncovered
by making an incision vertically along the scalp.

Holes were drilled for electrode placement in the according to coordinates from the Paxinos

and Watson rat brain atlas. Bilateral windows were drilled above the dorsal striatum for a carbon
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fiber microelectrode to be lowered (+1.0 mm AR, %6, 3.0, 4.0 mm ML relative to bregma,
4.56.0 mm DV relative to skull). The wide ML window and DV range allowed for placement
optimization to target a region with more dopamine and hydrogen peroxsenpr A Ag/AgCl
reference electrode was placed in the medial forebrain and was secured using a gold screw (J. I.
Morris Co., Southbridge, MA) and dental cement (Lang Dental Mfg. Co., Inc, Wheeling, IL). A
bent bipolar stimulating electrode (Plastics OReanake, VA) was bundled to a optic fiber
(Thorlabs Inc., Ann Arbor, MI) and implanted in the dopaminergic midbr&i (hm AP, +/2.3
mm ML relative to bregmay.5-8.6 mm DV relative to skull), ipsilateral to the sensors. A double
triangular waveform-0.4V to +0.8V, Dms holdat0 . 4V, 10. 4 to HZAQwad V, 4
applied to the electrode using a multichannel Universal Electrochemical Headstage (University of
North Carolina at Chapel Hill, Department of Chemistry, Electronics Facility), wrfibpnance
stabilized. Electrical stimulations consisted of 60, 90, or 120 biphasic pulse6 @@ ¢ A; 2 ms
pulse width) applied at either 30 or 60 Hz using a neurolog DS4 biphasic stimulating device
(Digitimer Ltd., Hertfordshire, AL7 3BE, England). Ogai stimulations consisted of 60, 90, or
120 flashes (473 nm blue laser, Shanghai Laser and Optics Century Co., Ltd., Shanghai, China)
applied at either 30 or 50 Hz.

Histology. Electrode placement and ChR2 protein expression was histologically verified
in animals after the experiment. At the conclusion of the recording experiment, rats were deeply
anesthetized using isoflurane and a potential of +10 V (vs Ag/AgCI referenceppliaesido the
working electrode to lesion brain tissue at the recording site. To prepare for a perfusion, urethane
(1 mL/300 g) was administrated via intraperitoneal injection. Immediately thereafter, 50 mL of
PBS was perfused through the hefolipwed by 100 mL of paraformaldehyde, after which the

brain was quickly removed and stored in 30% sucrose solution to prepare for slicing. Brains were
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later flash frozen with dryiceand40m sl i ces wer e prepared, wunder
bleaching of fluorescent protein, using a microtome (Leica SM2010 R Sliding Microtome, Leica
Biosystems, Buffalo Grove, IL). The tissue slices were mountéal a glass slide and allowed to
dry for ~24 hr. Drops of Fluoromou@ mounting medium (Thermo Fisher, Waltham, MA) were
applied, if fluorescent tags were to be visualized, and a cover slip was carefully placed on top.
The tissue was observed under a microscope to confirm electrode placements and virus expression
using the rat brain atlas.

Data Analysis and Statisticsindividual analytes were resolved from voltammetric data
using partial least squares regression (PLSR) analysis, performed with MATLAB (The
MathWorks Inc., Natick, MA script)All data presented are shown as the mean + standard error
of the mean (SEM) or * standard deviation (SD), as denbtedstatistical analysis with PLSR,
training sets were constructed of cyclic voltammograms collectedifrantro calibrations to
build a calibration library for standards of DA andQd that span the physiological nge.
Principal components are identified in a multidimensional space using both predictors (CVs) and
response variables (concentration). Individual contributions of DA ai@b Were parsed out
separately in two steps, first to removgrifollowed by DA.Unless otherwise noted, all statistical
and graphical analyses were carried out using GraphPad Prism 8 (GraphPad Software, Inc., La
Jolla, CA).All statistical analysisdqneway ANOVA with Tukeydéswemul ti pl
performed with GraphPad to t@emine significance in the data. In all cassignificance was

designated at p < 0.05.
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CHAPTER 5: Reaktime, Simultaneous Voltammetric Detection of Glutamate and
Dopamine in Rat Striatum Evoked by Electrical Stimulation of the Midbrain
This work was completed in collaboration with colleagues Laney Kimble, Emma Scardina, and
Dr. Alexandra Forderhase in the Sombers lab, and Dr. John Meitzen from the Department of
Biological Sciences (NCSU). Data collection was spearheaded by me, Laneie Kand Dr.

Alexandra Forderhase. Data processing and analysis were completed by me and Emma Scardina.

Introduction

Measurement of neurochemical dynamics, fluctuations, and interactions is critical to
understanding the fundamental mechanisms underyaig function and dysfunction.l@amate
and dopamine (DA) are two essential neurotransmitters in the striatwegion of the brain
involved in movement,motivation?2 and reward seeking behavidrsThe nucleus accumbens
(NAc) integrates multiple inputs, including glutamatergic and dopaminergic, which ultimately
affect medium spiny neurons, thedominant neurons of the NA&GIutamate is the principal
excitatory neurotransmitter of the central nervous system and is the most abundant
neurotransmitter in the braiff.Consistent with being a neurotransmitter, glutamate plays a critical
role as a chemical messenger, sending signals betweer(relisreleased, glutamate is quickly
cleared from the synapse by excitatory amino acid transporters (EAATS) |lanatdte cell
membrane oboth astrocytes and neuromsstrocyte reuptake is followed by the conversion of
glutamate into glutamine, which is then released back to neutorce taken up by neurons,
glutamine is converted back into glutamate, thereby completing e *ciResearchers have
linked the importance of glutamate transmission to learffidg, memory!® and mood
regulation** 1® Abnormalities of glutamatergic signaling, which can lead to neurotoxicity, have

been implicated in the development of psychiatric disorders and neurodegenerative thdéases.
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21 Additionally, DA and glutamate have been shown to modulate one another in stdafuis.
such, it is important to understand tredationship between DA and glutamate in striatum to
examine how this modulation is occurring and what effect these species have on brain function.

The release and removal glutamatefrom the synapse occurs within millisecoratsd
measuring this activity is critical to understanding how these neurotransnciti@peratively
modulate brain function and dysfunctidPrevious studies have used a range of techniques to
monitor glutamaten situ including microdialysis, voltammetry, biosensors, and fluorescence
sensors. Howevemnproved methods for detectiam situ are required to better establish thmee
courseand relationshifbetweenthese chemical signalfastscan cyclic voltammeyjr (FSCV)
provides analytspecific qualitative and quantitative information on a similar timestale
glutamate signalingHowever,FSCV relies on the electroactive natureasfpecies for detection,
but glutamatas inherently norelectroactive and, unlike electroactive species, does not readily
undergo redox reactions. Thus, direct electrochemical detection is impossible in the physiological
environment.

In this work,we expand upon the previous development bicgensing strategy our lab
whereby carbotfiber microelectrodes are modified with a chitosan matrix contaiginggmate
oxidase (GlutOx) to allow for the indirect voltammetric detectiorglotamatewith naturally
engineered selectivif?. The enzymenodified GlutOx sensorsgenerate hydrogen peroxide
(H202), a readily detectable electroactive reporter molecule, selectively in the presence of
glutamate During the development of these sensors, it was demonstrateéfSRAf ould
simultaneously dete®A and glutamatat a single biosensdocated at a microscale recording
sitein striatal slicesysing the unique voltammograms that are generated during a redox reaction.

This enables the observation of predisi&tionships of distinct neurochemical signals with one
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another, as well as with respect to tifie previous study usdol -threob-benzyloxyaspartate
(DL-TBOA) to inhibit glutamate reuptake in slice, causing a significant increase of glutamate
concentration over the course of the experiment. We sought to further explore these findings by
employing these sensors in intact, anesthetized animals to exdmaieffects of DETBOA on
DA and glutamate releasand reuptake in redime. As such, using this approacBA and
glutamate releasseresimultaneously deteetl at the same striatal recording site to characterize
their dynamicsn intact rats.

This workpresents the use of this biosensing strategy for theinealcodetection of DA
and glutamaten vivo. Importantly, this workas revealed unique neurochemical kinetics inherent
to each of thesspeciesFurther, the data demonstrate key differences in the extracellular lifetime
of these signaling molecules, suggesting that each can effectively modulate the other. These
findings are important because they suggest that it is entirely posbtbe coeactivation of
different neurochemical reptorsenables integration of separate intracellular signaling pathways
to generate a range of postsynaptic responses. Overall, this advancement to biraessinms
the molecular monitoring field to focus on how separate molecules work together to shape circuit

output and ultimately drive striatal function.

Results and Discussion

Glutamate-Oxidase Biosensors for the Detection of Enzymatically Produced Hydrogen
Peroxide (Glutamate)

The glutamate biosensor described in this work was fabricated from bare -Ghdyon
microelectrodeg7-uM diameter) which are well suited for probing specific brain regions and

have been previously characterized for voltammeiilye Sombers lab has describsdch
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microbiosensor$or in situco-detection of extracellular glutamate and dopamine (DA) fluctuations

in brain slice$® The microbiosenors were fabricategelectrodepositing-Glutamate oxidasen

the carborfiber surface,as describedpreviously (Figure 5.1A).2%27 Visual inspecion was
performedo verify uniformity and confirnthatthe electrode surface was completely covered by

the hydrogel Figure 5.1B). Glutamate is inherently neglectroactive At the sensor surface, the

GlutOx convers glutamate int@-oxoglutarate with generation BtO», which is electroactive and

serves as aedox proxy for glutamate detectiorFigure 5.1C). Realtime measurements of
glutamate andDA are achieved by coupling microbiosensors V@stscan cyclic voltammetry

(FSCV) With this strategy, the applied potential is linearly swept fror.2 V to +1.4 Vand

back, a Colodplosof dyclicsvoltammograms recordéa response to bolus applications

of glutamate (50 €M to 3 mM) weDxgeindicatingshe st ent
successful conversion of glutamate #blat the sensor surfa¢€igure 5.1D-E). A linear current
response was observed bet ween ghuareakdserssitivdy offl mM ¢

3.6 N 0.250.86A7=83Rgure 5.1E).
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A 3.25 Vs, Electrodeposition of Chitosan
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Figure 5.1 Enzymemaodified biosensors for edetection ofdopamineand glutamate using fast

scan cyclic voltammetrA) Potential is applied to a bare carkfdrer microelectrode in an acidic

solution containing dissolved chitosan and GlutOx. Proton reduction locally raises the solution pH.

When thelocal pH exceedsthe pK, the chitosan becomes insoluble ands therefore

electrodepositedentrappinghe enzyme on the electrode surfd8k Representative briglhiteld

images of GlutOxchitosan hydrogels electrodepesit on carboifiber microelectrodesC)

Enzymatic generation of electroactive®d by way of GlutOx in the presence of glutamai®)

Representative color plot obtained in the detection ofSW0 gl ut amat e

pl otted

potential (yaxis), time (xaxis), and current plotted in false colora(s).E) Left, Representative

voltammograms for kD> that were enzymatically generated in response to increasing

concentrations of glutamate (0.25 mM.0 mM). Right,A linear calibration curve spanning this

range (n = 3 electrodes, error bars reflect £ standard deviation (SD)).

Inhibition of glutamate uptake using DL-threo-b-benzyloxyaspartate

Excitatory amino acid transporte(EAATS) are a family of proteins thare primarily

responsible for the uptake of glutamate from the synaptic cleft into astrocytes (EAAT 1 and 2) or
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neurons (EAAT 3¥829 After glutamate is taken up by astrocytes, it is converted into glutamine
through the action of glutamine synthase. The glutamingléssed anthen transported back to
presynaptic neurons, a process known as glutagiatamine cycling®3!In order to extend the
extracellular lifetime of glutamate in the striatubi,-threcb-benzyloxyaspartate (DIBOA), a
potent inhibitor that primarily targets EAATs 1 and astrocyte$®*?was locally microinfused
into the striatum, at the recording sfiégure 5.2A). To achieve this, the microbiosensors were
modified to incorporate a microinfusion needle, creatingierobiosensoinjectrodethat was
implanted in the ventral striatum (NAc) of anesthetized ratbo&@l microinfusion of DETBOA
within ~100em of the recording electrod® A bipolar stimulating electrode was implanted in the
ventral tegmental area (VTAQ directly depolarize the midbrain projection to the striatum (60 Hz,

120 pulsest 0 0 Fagure 5.2B).

A B
GluR Injectrode
Bipolar ‘J/‘j‘
Stimulating Electrode
O mGIuR \
EAAT1 / \

7
.-"’. Nucleus
EAAT2 x NMDAR AMPAR m&IuR __.,.-": Accumbens Core

-

Figure 5.2 Schematic illustratinghein vivoexperimentA) DL-TBOA, a potent inhibitor of the
EAATS responsible for glutamate reuptake, is microinfused lotatlye vicinity of the recording
electrode, increasing the extracellular lifetimegaitamateB) A bipolar stimulating electrode
was implanted in th€TA of anesthetized rats to evoke striatal DA and glutamate relesis@as
monitored by GlutOx microbiosenaraplantedin the ventral striatum.
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Glutamate and DA are primary neurotransmitters involved in the function of striatum that
work together to facilitate movement, as well as motivated and reseaidng behavior¥:®
Glutamatergic and dopaminergic afferents to the NAc converge on the dendritic spines of medium
spiny neurons (MSNSs) in the striatdfe® In vivo studies have demonstrated that glutamatergic
input to the NAc regulates extracellular DA levels. However, glutamate has been shown to both
enhanc# 42 and inhibif**° striatal DA release, anid as such the precise role of glutamate in
modulating DA signaling in this brain region remains uncié#r microdialysis study found that
local infusion of a glutamate reuptake inhibitor in the NAc increased dialysate concentrations of
DA, glutamate, and gamraminobutyric acid (GABAY® Sulzer and colleagues performed a
voltammetric study in acute brain slices that reported reciprocal modulation of estoké&d DA
releaseby glutamate spilloverin NAc. Blocking glutamate uptake redut®A release via
metabotropic glutamate receptor (mGIuRagtivation, through a mechanism involving
phospholipase C and the activation of calcid@pendent potassium chanm@lsThis work
essentially laidthe foundation of a leading theory that NMBR\ activation enhances local
glutamate spillover, which then regulat@8 terminals through the activation of either mGIuRs
or cholinergic interneurons. Taken together, these previous studies paint a conflicting picture of
exactly how glutamate and DA are modulating one anath&triatum

In our handsJocal microinfusion of DLTBOA into the NAchad striking effects on
extracellular DA and glutamate concentratigfggure 5.3). In male subjects (n = 3), a large
increase in extracellular glutamate concentrations was observed ~ 90s into the infusion,-as the co
recorded DA dynamics rapidly fefDver the next 20s, the glutamate signgraduallyreturned to

baselineas theDA signal rose sharply above baseline before decreasing once again
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Figure 5.3 Local mcroinfusion of DL-TBOA evokesanticorrelated dopamine and glutamate
signals A) Representative color plot of the raw voltammetric data taken during local microinfusion
(arr ow, Of DU-EBOA ima tme ventral striatunCyclic voltammograms extracted from
this color plot are inset in whit&) Approximately 1 min into thenicroinfusion of DLLTBOA,

local glutamateconcentrationgred) increasd sharply aso-detectedDA concentrationgblue)

fell. Over the next ~10 secondbeglutamate signal returned to baseline and the DA signal rose
sharply above baseline before gradually decreasing once again.

Interestingly, sesspecific differences in these signals were notedjure 5.4). The
concentration versus time traces recorded in female subjects (n=3) were highly variable, with no
clear trend. Although the glutamate signal consistently rosei ~P00s after the start of the
infusion and slowly returned to baseline ~15s latercthdetected DA signal was inconsistent
(Figure 5.4, right). Not only dd the effects of DETBOA infusion differ from those observed in
males, but they also show considerable inconsistency between indifathedé subjectsVhile
these findings require ftiver exploration, they are not entirely unexpeckdvious studies have

identifiedimportantsex differences iboth the DA andhe glutamate system in tis&riatum®®4°

135



Sex differences in many addictivelated behaviors are also well documented, and striatal

function is largely driven by glutamate and DA signaffigt
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Figure 5.4 Sexdependentdifferences instriatal DA and glutamatekinetics following local
microinfusion of DL-TBOA. Left (blue box):In male rats, local DITBOA infusionconsistently
produced a sharp increase artracellularglutamate concentrationsed) with a simultaneous
decrease in DAblue). Within~20 seconds, the glutamate signal returned to basabfasal DA
concentrationspikedwell above baseline beforfenally relaxing again. Right, (pink box)n
female rats, the response toDBOA infusion was variable, both in comparisorthemales and
within the female group itselin these few animalsio clear trend emerged.

Several factors are likely contributing to the trends in the Hatalinfusionof DL-TBOA
blocks EAATS, extending the lifetimef glutamate in the extracellular spa€@utamate could
inhibit evoked DA release by acting on mGluRteptors on DA terminaf€ Excess extracellular
glutamate coul@lsoact at NMDAR on GABAergic medium spiny neurons to evoke local GABA
release. The GABA could locally inhibit DA terminals by acting at GABA resulting in a sharp
decrease in extracellular DA concentratiofsisis a complex feedback loop where glutamatergic
input indirectly modulates dopaminergic output by enhancing GABAergic inhibFigaie 5.5).
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The subsequent increase in extracellular DA cdiddaresultof disinhibition ofthe VTA DA
neuronsvia multisynaptic mechanismActivation of inhibitory GABAergic neurons in the
striatumthatproject back to the midbraifvia either the direct or the indirect pathway) can serve

to disinhibitVTA DA neurons potentiallyleading tothe rebound irstriatal DA releasé®
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Figure 5.5 Possible mechanisemderlying the observeglutamate and DA dynamies/oked by

local micrainfusion of DL-TBOA in ventral striatumThe mesolimbic pathway is composed of
many cells, including GABAergic (green) and DAergic (blue) neurons which project from the
VTA to the NAc Infusion of DL-TBOA induced an increase in local glutamate concentration by
inhibiting glutamate transport. Excess extracellular glutamate could act at NRIDA
GABAergic medium spiny neurons ¢évokelocal GABA release. The GABA could locally inhibit

DA terminab by acting atGABABg-R, resulting ina sharpdecreasein extracellular DA
concentrations (red arrowd)he subsequent rebound and overshoot in extracellular DA could be
the result of disinhibition of VTA DA cells through a medynaptic mechanism involving the
direct/indirect pathway (green arrows).
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Co-Detection of Glutamate and Dopamine in the Ventral Striatum

To better understand the interaction between glutamate and DA in the ventral striatum, the
midbrain waslectrically stimulated before and aftek-TBOA infusion into the NAc. Electrical
stimul ation (60 ofthe midbrin glicitdd DA releasednOsBiatuin)wstinarp
transientglutamateevents Figure 5.6). Figure 5.6A (bottom)showsa representative color plot.
Thekinetics of theDA signalwere slowed as compared to recordings at a bare electrode, because
here theDA diffused through the ezyme coating to reach the electrode surface for dete&jon.
contrast, the glutamate signal resulted from th&®:Hedox reporter that was enzymatically
generated at the sensing surfdggtracting the concentration versus time traces from the color
plot at the peak oxidation potential of each anafifigure 5.6A, top) providedfor a clearer view
of the time course of these evenisgre 5.6B). The number of transient events per file was
counted, and each individual event veasessetbr area under theurve, maximum amplitude,
andeventduration Figure 5.6C). Overall, the glutamate events had a lifetime of under ~0.3 sec,

consistent with the rapid synaptic nature lotgmate transmission.
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Figure 5.6 Voltammetricco-detectionof glutamate and dopamine in rat striatimresponse to
electrical stimulation of the VTAA) Representative color plot demonsimgttheglutamate and
DA response to electrical stimulation (60 Hz 120 pulses, stimulation denoted by grayhmx).
concentration versus time trackor glutamate and DA over the course of Besecfile (top)
demonstrate differences in kinetics of these spe@ésconcentrations rose and fell over 10
seconds, whereas tg&utamatesignalexhibited a series aharp peakthat rose and fell in < 0.5
sec B) A zoomedin view of the last 20 seconds of the f{ldack outline) demonstrating theharp
glutamate transients (black star€). Glutamate transients were individually quantified for area

under the curve, maximumamplitude,eventduration and the totahumber of transient events
recorded.

A guantitative assessment of the data recotukfdre Figure 5.7A) and after Figure
5.7B) local DL-TBOA microinfusion (n = 6 4 males and 2 femalesuggestd that this
manipulationdid not significantly affect thextracellular dynamicsf striatal glutamate or DA in

intact animalqFigure 5.7C-F, St ud e n-test,p > P.@GB)Howe\kr, gevious workin ex
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situ striatal sliceshasdemonstratethat DL-TBOA treatment increases evoked DA and glutamate
release® The key difference here is the intact animal preparation preserves the mesolimbic circuit,
with modulation points at each node; whereas the striatal slices lack the DA cell bodies to isolate
local mechanisms at the level of the terminal.

Although the exact relationship betwete transientglutamateevents and DA release
remains unclearthe data suggest thidtese two neurochemicals are modulatmg other in the
striatum The increasem glutamateare consistently coupled withcorrespondinglecrease in
extracellularDA recorded at the sample place and tiffieis pattern appears consistentyour
datawhenever both are releasaud cedetected. This is evident in the microinfusion d&igifre
5.3, larger, longer changey and in raid transientsKigure 5.7A, B). This is consistent with a
range of studies in literature as wéine such study, by Sulzer and colleagues, demonsDated
spillover can regulate glutamatergic input via DA receptors on axon ternimaiscumstances
glutamate escapgethe synapseit can suppres®A release through presynaptic activation of
mGIluRs?? Another study, by Rice and colleagues, demonstratgdrgate inhibitDA release via
AMPA receptors through #D>, while GABAa-R activation opposes this effect and enhariza&s
release? Lastly, a microdialysis study demonstrated the perfusion of glutamate stimulated DA
release.When glutamic acid diethylester (a glutamate receptor block&x3 administered, it
resulted inreduced the glutamateduced increase in DA release. These findings suggest that
glutamate enhances DA release in the striatum by facilitating presynaptic &éi@itgrall, there
are many examples of these neurochemical modulating one another in literature, though the precise

mechanism is still under investigation.
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Figure 5.7 Microinfusion of DL-TBOA did not reliably affect the kinetics or overall count of the
recorded glutamate transien{®\, B) Top, Representative ator plots of voltammetric data
showing characteristic redox peaks $tniatalglutamate and DAvoked byelectricalstimulation

of the midbrain Bottom, the concentratioversus time traces for both analyteslected before
(A) and afterB) microinfusion of D-TBOA (2.5 mM). C-F) Infusion ofDL-TBOA did not affect
glutamate transiergmplitude, duraon, or area under the curve. Across the entire datansetq,

4 males and 2 femalestudents pairedtest, p > 0.05)DL-TBOA applicationdid not alter the

number of glutamate events recordéstudents pairedtest, p > 0.05, n = 6).

141



