
 

 

 

ABSTRACT 

BERGER, JENNA M. Real-Time Monitoring of Multiple Neurotransmitters in the Rat Striatum: 

Advances in Simultaneous Neurochemical Detection (Under the direction of Dr. Leslie A 

Sombers). 

 

Monitoring molecules within the brain is essential for understanding the complexities of 

brain function and behavior. Quantifying neurochemical release requires highly sensitive 

analytical methods, and the study of chemical dynamics requires sufficient temporal resolution. 

Fast-scan cyclic voltammetry (FSCV) coupled with carbon-fiber microelectrodes offers excellent 

spatial and temporal resolution for real-time 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 co-detect multiple neurochemicals simultaneously, in real-time. 

Using FSCV, quantitative and qualitative information can be obtained for 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 met-enkephalin (M-ENK), 

glutamate, and hydrogen peroxide (H2O2), 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 like M-ENK to addiction. Chapter 2 

focuses on simultaneous co-detection of DA and M-ENK release at single recording 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 sensitivity to M-ENK. 

Additionally, the high concentrations of DA, which often confound M-ENK 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 and M-ENK, with concentrations of both 

neurochemicals scaling with stimulation duration. The identity of M-ENK was validated though a 

series of independent experiments combining solid phase extraction (SPE) with liquid-

chromatography mass (LC-MS).  

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 releasate from bovine 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 significantly 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 intracellular extract and releasate, enabling a comprehensive 

characterization of the peptidome.  

Many neurodegenerative diseases, such as Parkinsonôs disease (PD), are associated with 

decreased extracellular DA concentrations due to degeneration of DA cells in the substantia nigra. 

Though not well characterized, oxidative stress has been implicated in PD and can occur due to 

excess generation of hydrogen peroxide (H2O2) in the brain. Chapter 4 focuses on the simultaneous 

co-detection of DA and H2O2 fluctuations in rat dorsal striatum following non-selective electrical 

or selective optical stimulation of the midbrain. Simultaneous voltammetric measurements used a 

specifically designed double-triangle waveform to distinguish H2O2 from common in vivo 

interferents, like pH. The data demonstrates that electrical stimulation induces both DA release 

and H2O2 generation, whereas optical stimulation only drives DA release. Taken together, this 



 

 

 

work reveals how the type of stimulation affects the dynamics of DA and H2O2 release in the 

striatum. 

The nucleus accumbens (NAc) integrates multiple inputs, including glutamatergic and 

dopaminergic, which ultimately affect medium spiny neurons. Despite both neurochemicalsô 

important involvement in motivated behavior and brain function, studying both glutamate and DA 

simultaneously using traditional voltammetric techniques has been challenging since glutamate is 

inherently non-electroactive. A novel glutamate microbiosensor, fabricated on a carbon-fiber 

microelectrode substrate, described in Chapter 5, enables 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 same striatal recording site to characterize glutamate and DA transients in vivo. 

This work has revealed distinct neurochemical kinetics inherent to each of these neurochemicals, 

showing how each molecule can modulate the other. 

Collectively, this dissertation demonstrates the utility of carbon-fiber microbiosensors 

coupled with FSCV for simultaneous co-detection of multiple neurochemicals at single recording 

sites in 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 chemical foundations of brain 

function and dysfunction, to ultimately inform 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 multi-analyte 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 in cell-to-cell signaling throughout the nervous system. 

Monitoring neuromolecules has long been a key objective for neuroscientists, given 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 focused on its 

involvement in reward, motivation, and learning.1ï7 Neurochemical monitoring has been achieved 

using classic techniques like microdialysis coupled with chromatography, as well as 

electroanalytical methods such as amperometry and voltammetry. However, most real-time 

monitoring strategies have focused on detecting one analyte at a time. This 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 (5-HT) often co-exist and their combined actions are relevant to motivated 

behavior, mood, and cognition.8ï10 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 instance, studies 
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have demonstrated cross-talk between glutamate and GABA mediated by an allosteric potentiation 

of GABAA-Rs.11 A compelling study has demonstrated that glutamate negatively modulates DA 

through glutamate ñspilloverò, whereas glutamate reduces DA release via metabotropic glutamate 

receptor activation.12 Notably, there are several conflicting reports on the nature of this 

modulation, such that studies show glutamate to both enhance13ï15 and inhibit16,17 DA release. The 

ability to directly co-detect these species will provide the needed clarification to resolve the nature 

of this relationship and describe the mechanisms behind it. Additionally, multi-analyte 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 step in developing 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 corresponds to specific outcomes.18ï21 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 of multiple 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 toward real-time detection of multiple neurochemicals 

at the same space and time. Microdialysis (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 
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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. 

 

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 achieving multi-analyte 

sensing in 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 

investigation.  As such, no one of these techniques is the ñbestò technique for multi-analyte 

sensing. Rather, studies using each of these approaches have significantly advanced the field by 

improving the ability of researchers to monitor an array of molecules in vivo.  
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Microdialysis Sampling to Assess the Neurochemical Landscape 

Microdialysis has been used to monitor neurochemicals for decades and is based on the 

ñpull and pushò technique developed by Gaddum22 and Myers.23 Microdialysis is a sampling 

technique in which a probe with a semi-permeable 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 membrane, down their concentration gradient in an equilibrium-based 

process that is driven by passive diffusion. The modern design for the microdialysis probe was 

optimized by Ungerstedt and Pycock24 and was based on ideas by Bito25 and Delgado.26 Some of 

the earliest microdialysis experiments were focused on a range of monoamines, such as DA, and 

their associated metabolites.27 These studies brought microdialysis to the forefront of in vivo 

neurochemical research. Traditionally, the collected dialysate is separated via high performance 

liquid chromatography (HPLC)28 and analytes are detected by either mass spectrometry29 or 

electrochemical detection.30,31 Because microdialysis sampling is an equilibrium-based 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 neurotransmitter-free aCSF, and the ñno-net-fluxò version of microdialysis in 

which the aCSF contains several concentrations of targeted neurotransmitters spanning the 

physiological range. Monitoring the amount of a specific species that is lost or gained provides for 

improved quantification because a ócalibration factorô for the probe, termed the extraction fraction 

(Ed), is obtained in situ. Smith and Justice convincingly demonstrated the relationship between Ed 

and the efficiency of neurotransmitter clearance from the extracellular space in the nucleus 
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accumbens (NAc),32,33 allows for improved estimation of neurotransmitter reuptake processes in 

dialysate samples.34, 35, 36 

Several methods for improved temporal resolution have been explored.37, 38, 39 Microchip 

electrophoresis with electrochemical detection is one such solution allowing for more rapid 

detection of neurotransmitters in tissue dialysate.40 In 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 timescale.41 However, 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 on a sub-second timescale. 

Thus, limiting the picture to comprehensive assessment of the chemical landscape, but in a series 

of still frames rather than in real time.   

 

Electroanalytical Approaches for Neurotransmitter Detection 

Electroanalytical approaches for neurotransmitter detection exploit an analyteôs inherent 

electroactivity by utilizing electrodes (traditionally carbon fiber microelectrodes), to monitor redox 

activity in situ. Carbon-fiber microelectrodes feature a diameter of approximately 5-10 um, 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 electrochemical methods offer real-time 

detection. 

The most straight-forward 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 will oxidize (or reduce) at this potential 

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

exploiting the different standard oxidation potentials of these two classes of signaling molecules 

(500 vs. 1000 mV). Overall, the study reveals that peptidergic kinetics were ñlower and slowerò 

than catecholamine kinetics released from the same population of large dense core vesicles.42 

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 

processes.43  

 

Fast-Scan Cyclic Voltammetry for Neurotransmitter Detection in Complex Mixtures 

Background-subtracted fast-scan cyclic voltammetry (FSCV) has been hugely important 

in understanding the dopaminergic systems driving locomotion, learning, motivation, goal-

directed behavior and reward processing.5-11 It 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 ï 1,000 V/S). This generates a large capacitive charging current that can be 

subtracted from the data, to reveal the potential-specific faradaic current 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 potential-specific peaks associated with oxidation and 

reduction of different classes of neurotransmitters. An example is shown in Figure 1.2, where the 

redox chemistry of DA and H2O2 generates faradaic current represented in the color plot. A vertical 
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slice of the color plot shows the voltammogram at that specific time point, and the horizontal slices 

at the peak oxidation potentials of DA and H2O2 show the real-time 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 each component can be clearly distinguished.  

 

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 present at each time point (CV, purple) 

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

peak oxidation potential for each analyte (DA (red), H2O2 (blue)). 

 

FSCV has been used extensively for the detection of biogenic amines in solution.44 Using 

the traditional triangular shaped waveform, the Wightman Lab demonstrates well resolved peak 

currents for DA, di-hydroxybenzylamine, norepinephrine (NE), 5-HT and 4-methylcatechol. Soon 
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after, FSCV was used to co-detect dissolved oxygen and DA at a single microelectrode,45 because 

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 mechanisms that regulate and change blood oxygen 

and pH levels.46  

The triangular-shaped waveform, Figure 1.3 (left), has also been used for the co-detection 

of DA and hydrogen peroxide (H2O2), which is a reactive oxygen species and important 

neuromodulator in striatum. Past research assessed the relationship between electrically stimulated 

DA and H2O2 in rat striatum in an effort to more clearly understand the mechanisms underlying 

dopaminergic disease states such as Parkinsonôs Disease. Spanos and Sombers explored the effects 

that local H2O2 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 H2O2 level.47 The correlation between DA and H2O2 dynamics upon dyskinetic 

rotational behaviors were studied in an L-DOPA treated rodent model of Parkinsons Disease, in a 

publication from Wilson and Sombers.48 Demonstrating that the DA levels decreased as the striatal 

H2O2 levels simultaneously increased in a manner that was time-locked with the onset of L-DOPA 

induced rotations. These results specifically detail the importance of co-detection 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 multi-analyte detection is that the 

potential waveforms are highly tunable and can be optimized for analyte co-detection. Hashemi 

and Wightman used FSCV in order to answer questions regarding 5-HT dynamics in vivo.49 In this 
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work, they utilized the specially designed Jackson Waveform50 (N-type waveform, Figure 4 

middle) in order to study 5-HT dynamics in rat substantia nigra pars reticulata (SNr). Not only 

were they able to reliably evoke and record 5-HT dynamics in the SNR, but they were also able to 

capture a secondary species that was found to be co-released with 5-HT, histamine. This finding 

changed how 5-HT researchers viewed the physiological role of 5-HT and, since then, similar 

approaches have been used to study histamine and 5-HT dynamics in vivo at the same space and 

time.51ï53 

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 proven to be quite difficult to detect using 

electrochemical methods.  This is due largely to their size, low concentrations in vivo, and to their 

penchant for causing the sensing surface to biofoul following oxidation. To combat this Calhoun 

and Sombers et. al. detail a multiple scan rate waveform, shown on the right in Figure 3, that is 

capable of the reliable co-detection of met-enkephalin (M-ENK) and catecholamines.54 The data 

obtained using this approach reveal the dynamics of DA and M-ENK, which are both heavily 

implicated in substance use disorders. The tunability of voltammetric waveforms have proven to 

be a unique strength for multi-analyte detection. 

 
Figure 1.3 Popular waveforms optimized for the detection of DA (left), 5-HT (middle) and 

opioid neuropeptides (right). 
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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 Lyons55 in the 1960s when they created the first biosensor that was used for the detection 

of oxygen in situ, which is inherently non-electroactive. 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, electroactive H2O2 is 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 amperometry which, as aforementioned, only allows for the 

study of one analyte at a time. Researchers successfully exclude interferents by incorporating 

charge- and size-based 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 multi-analyte sensing, Lugo-Morales and Sombers et. al. coupled 

enzyme-modified carbon-fiber microelectrodes with FSCV. This simple shift in biosensing 

strategy essentially converts electroactive interferents into co-analytes, measured at the same place 

and time.56 This powerful and novel approach has been expanded to the co-detection of DA and 

glucose,57,58 DA and lactate,58,59 and DA and glutamate60  in live brain tissue. Figure 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, 

non-electroactive 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 the past decade offering 

neurochemical specificity for molecules that were previously inaccessible to measure in vivo. This 

technique uses specific wavelengths of light to measure fluorescence from sensing of 

neurochemicals resulting from a conformational change to an artificial biosensor protein expressed 
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specifically for sensing purposes.61,62 Researchers have designed single-fluorescent 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,63 cAMP-binding domains,64 microbial periplasmic binding proteins (PBPs),65 or 

G-protein-coupled-receptors (GPCRs).66ï68 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 have been used in a variety of model systems including zebrafish, rodents, and 

drosophila.8,68ï71 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.64,72 The GcaMP construct fuses a circularly permutated green fluorescent protein 

(cpGFP) to the calcium-binding motif of calmodulin.62 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 relative amount of target bound sensor at the tip of the fiber,61 and 

quantification is achieved by measuring the change in fluorescence in comparison to the baseline 

signal (ȹF/F0). The emergence 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 from the cpGFP-calmodulin strategy 

(Table 1). In most cases, multiple sensors exist for targeting the same neurochemical (ex. DA, NE, 

Ca2+, Ach, 5-HT, cAMP, OXT) with differences in sensors tuned for ligand affinity, kinetics, 
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brightness, spectrum, molecular scaffold, and color. These sensors can be expressed in defined 

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

 

Table 1.1 Common genetically targeted protein sensors used for in vivo fiber photometry. 

 

  

Sensor Category Target Molecule Name of Sensor

GCaMP6s,m,f

JGCaMP7s,f,b

JGCaMP8

JGCaMP7c

JRGECO1a, 1b

R-CaMP2

XCaMP-B

XCaMP-G

XCaMP-Y

XCaMP-R

NIR-GECO2

cADDis

G-Flamp1

Protein kinase A (PKA) FLIM-AKAR

Gamma-aminobutyric acid (GABA) iGABASnFR

dLight1.1

dLight1.2

dLight1.3b

GRABDA2h,2m

 GRABDA1h,1m

RdLight1

rGRABDA1h,1m

GRABNE1h,1m

nLightG

nLightR

GRAB5HT1.0

PyschLight2

iSeroSnFR

GACh1.0

GACh2.0

GRABAch3.0

iAchSnFR

Mtriaot

Grabot

Glutamate (Glut) iGluSnFR

Orexin (OXA/OXB) OxLight1

ˁ[ƛƎƘǘ

 ʵ[ƛƎƘǘ 

µLight 

Nociceptin/orphanin- FQ peptide (N/OFQ) NOPLight1

Adenosine triphosphate (ATP) GRABATP1.0

Histamine (HA) GRABHA1h,1m

Adenosine (Ado) GRABAdo1.0

Neuromodulators

Calcium (Ca
2+

)

Cyclic adenosine monophosphate (cAMP)

Dopamine (DA)

Norepinephrine (NE)

Serotonin (5-HT)

Acetylcholine (Ach)

Oxytocin (OXT)

Opioid Peptide Receptors

Signaling molecules

Neurotransmitters
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 Two widely used constructs have been developed for detection of DA: dLight67 sensors 

from the Tian lab, and GRABDA
73

 sensors from the Li lab. With both types of sensors, the green, 

fluorescent reporter domain (cpGFP for dLight, cpEGFP for GRABDA) is 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 GRABDA was 

generated by modifying DR2.67,68 These photometric sensors have been used to measure DA 

release in culture, slice, and in vivo to study drug and alcohol addiction,74ï76 learning and memory 

paradigms, 77ï79 and sleep-wake behaviors.80ï82  

A series of genetically encoded fluorescent sensors have also been developed to target NE, 

namely (GRABNE)83,84 and nLightG (green) and nLightR (red).85 Like the DA sensors described 

above, these sensors operate via insertion of the florescent protein into either the third intracellular 

loop domain of the Ŭ-adrenergic receptor Ŭ-2AR scaffold (GRABNE) or the Ŭ-1AR scaffold 

(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 also been developed for detection of 5-HT using fiber 

photometry, such as GRAB5-HT,86 PyschLight2, and iSeroSnFR.66,87 These sensors were created 

by specifically targeting many different 5-HT receptor scaffolds, using the strategy whereby the 

third-intracellular loop of the chosen receptor was replaced with a circularly permuted fluorescent 

protein (cpGFP). Interestingly, the iSeroSnFR sensor was created by modifying the binding pocket 

of an existing acetylcholine (Ach) sensor (iAChSnFR0.6) using a combination of computational 

design and machine learning to guide site-saturated mutagenesis.66 This first of its kind, PBP-based 

sensor demonstrates how binding-pocket 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 focused on co-expression 

of multiple sensors using distinct wavelengths/colors for simultaneous recording of various 

chemical species to make progress towards this goal.64,73,84,88ï90  However, most commercial 

instruments lack light-dispersing 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 multi-sensor recording.91 Cui and colleagues demonstrated functionality 

of this approach by co-expressing green and red Ca2+ sensors (GcaMP6f and jRGECO1a)  in the 

direct and indirect striatal pathways, respectively, to simultaneously monitor neural activity in 

these projections in freely moving animals.92 Another example of co-detection was demonstrated 

by Tian et al. for detection of DA with simultaneous Ca2+ imaging, allowing for spatiotemporal 

information on DA to be related to ongoing neural activity and, ultimately, to measures of learning 

and goal-directed behavior.67 A study from Kaye et al. demonstrates a multi-fiber photometry 

approach to study interactions between NE, DA, and 5-HT  in freely moving mice subjected to 

conflict decision making tasks.93 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 the 

popularity of these sensors demonstrates how advantageous and beneficial this technology is to 

the field of in vivo monitoring. The ever-expanding list of available sensors, ease-of-use, and 

minimal computational demand associated with data analysis have created 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 brain function and dysfunction. 
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Choosing the Best Technique 

When selecting a technique for multi-analyte sensing, several factors should be considered, 

as summarized in Figure 1.5A. First, will the investigation target electroactive species, non-

electroactive species, or both?  The time course of the study (Figure 1.5B) and the desired temporal 

resolution must also be 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 tens-of-minutes 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 the 

region of interest is largely unexplored, microdialysis sampling may be a good first step to 

qualitatively identify key neurotransmitters in the region. Additionally, the timescale of the system 

perturbation also must be assessed. Each of these factors must be deliberated 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 discussed. A) Table 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 electroactive to be detected with electroanalytical techniques except in cases 

when the sensor can be modified to detect non-electroactive analytes (e.g. biosensors), 

***quantification of analytes detected with photometric sensors is difficult because calibrations 

are difficult to obtain due to differences in receptor expression). B) Timeline 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 microdialysis sampling is not 

commensurate with that of neurochemical release, which precludes monitoring of rapid 

neurochemical dynamics in real-time. Electroanalytical techniques allow for real-time detection in 

discrete brain regions; however, the targeted analyte(s) must be electroactive, or the sensor must 
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be modified with a coating (e.g. enzyme) to detect non-electroactive species. Additionally, FSCV 

is a background-subtracted differential technique, such that constant concentrations of 

neurochemicals are challenging to assess.  Notably, a modified version of FSCV has been 

introduced to provide a solution to this limitation.  Fast-Scan Controlled-Adsorption Voltammetry 

(FSCAV)94,95 incorporates a multiple-seconds-long 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 

quantification of absolute concentrations. Photometric sensors offer specificity for specific 

neurochemical ligands, boasting excellent sensitivity that is inherent to the fluorescent 

measurement strategy. The use of cre-recombinase and fixed vectors allows for highly specific 

control over a cell type or circuit of interest. However, there are also key disadvantages. The 

designer receptors require several weeks for expression, and the signal ultimately depends on the 

on/off kinetics.  While these sensors typically exhibit fast óonô kinetics, the óoffô kinetics often 

limit the temporal resolution, limiting the information that can be gained regarding transmitter 

clearance or re-uptake.  Further, expression levels are variable and dependent on the surgeon.  As 

such, comparison of results across animal subjects or between labs is challenging. Finally, 

quantification 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 receptors, which 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 qualitative information that reveals 

chemical identification in tissue, electroanalytical techniques can both qualitatively and 

quantitatively assess neurochemicals in real-time, 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 these techniques 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 sensing techniques will offer new possibilities and will greatly advance the world 

of multi-analyte sensing. 
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CHAPTER 2: Unveiling Dopamine and Met-Enkephalin Dynamics: Simultaneous Co-

Detection in Rat Striatum 

The following work was conducted in collaboration with my colleagues in the Sombers lab, Dr. 

Jovica Todorov and Kalynn Turner, and with Dr. Elena Romanova and Dr. Jonathan Sweedler from 

the Neuroproteomics and Neurometabolomics Center on Cell-Cell Signaling at the University of 

Illinois Urbana-Champaign. 

Introduction  

Over the past several decades, many studies have investigated striatal dopamine (DA) 

transmission with respect to reward-related learning and goal-directed behavior.1ï6 Drugs of abuse, 

including opiates like morphine, act on the dopaminergic system therefore contributing to many 

of the rewarding and motivational actions of those drugs.7ï9 Despite decades of research focused 

on DA in this context, there remains no effective treatment for drug abuse and addiction. 

Undoubtedly, other neurochemicals are acting in, and on, this system to shape circuit function and, 

ultimately, functional output (behavior). Prohormone precursors for the endogenous opioid 

neuropeptides (EOPs) and their receptors are broadly expressed throughout both the peripheral 

and central nervous systems,10ï12 and are heavily involved in modulating the response to pain, 

hedonic and motivational aspects of reward processing, and a range of basic physiological 

functions including heart rate and breathing.7,13ï23 In striatum, opioid neuropeptides play an 

important role in mediating maladaptive and affective reward-seeking behaviors.24ï26 As such, it 

is important to understand the extracellular kinetics of met-enkephalin (M-ENK) and related EOPs, 

and to demonstrate the physiological conditions required to elicit their release. This promises to 

inform the development of new treatment strategies for substance abuse disorders and addiction. 
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Techniques that are commonly used to monitor and measure neurochemicals in situ include 

microdialysis,27ï30 photometric techniques,31ï36 and a range of electroanalytical strategies.37ï40 

Most of the existing work has focused on monitoring one molecule at a time, with the vast majority 

of studies focused primarily on DA. Real-time detection of the opioid neuropeptides has proven 

difficult because they are thought to exist in the extracellular space transiently, and at very low 

concentrations.41 Prior investigations of the EOPs have revealed information regarding the 

structure and expression of precursor protein molecules, opioid receptor expression and binding 

affinities, and opioid peptide circuits.42ï44 The opioid neuropeptides promiscuously bind multiple 

receptors with a range of affinities, and are readily broken down by a suite of protease activity, as 

reviewed previously.45 In one seminal study, ENK was detected in the dorsal neostriatum of awake 

rats using microdialysis coupled with HPLC-MS during approach and consumption of an 

unexpected food reward.28 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 data point). The many 

difficult ies associated with monitoring these molecules in situ has left several important questions 

unanswered regarding fundamental aspects of opioid peptide signaling that underlie both brain 

function and dysfunction. For instance, a widely held hypothesis suggests that large stimulations 

are required for neuropeptide release;46,47 however, it remains unclear if or how the physiological 

conditions required to elicit opioid peptide release in striatum are distinct from those required for 

more classical, small-molecule transmitter release. 

In this work, fast-scan cyclic voltammetry (FSCV) was coupled with carbon-fiber 

microelectrodes (CFMEs) for simultaneous co-detection of DA and M-ENK release at single 

recording sites in rat striatal brain slices. The voltammetric measurements use a specifically 
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designed modified sawhorse waveform (MSW) to minimize sensitivity to DA while maximizing 

sensitivity to M-ENK, previously developed and described by the Sombers group.48ï50 Mesolimbic 

DA release was minimized using hM4Di, an inhibitory DREADD (Designer Receptor Exclusively 

Activated by Designer Drugs), specifically expressed on the midbrain DA projection to striatum.51ï

54 The release of DA and M-ENK was locally evoked and the analytes were directly compared to 

characterize the extracellular kinetics of each in response to a range of stimulation frequencies and 

durations. Finally, M-ENK detection was validated using an independent approach that combined 

solid-phase extraction with liquid-chromatography mass spectrometry (LC-MS/MS).55 

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 stimulation and that the release of both molecules 

scales with stimulation intensity. The data demonstrates that M-ENK exhibits a unique biphasic 

profile in the extracellular space with a lifetime that is 3-4 times longer than that of DA measured 

in the same space and at the same time. Notably, these results are consistent with the idea that at 

least two forms of ENK are released; one that is pre-processed and able to bind opioid receptors, 

and a longer form that requires further proteolytic processing in the extracellular space. By 

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 mechanism to affect striatal function, 

potentially enabling flexible circuit output and shifts in behavior,56 despite both neurochemicals 

being locally released at the same place and time. 
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Results and Discussion 

 

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

Enkephalin 

Fast-scan cyclic voltammetry (FSCV) is a well-established and minimally invasive 

electroanalytical technique for monitoring rapid changes of neurotransmitters in the brain with 

high spatial and temporal resolution.57,58 While this method has been implemented to monitor 

many kinds of neurotransmitters in vivo, the electrochemical detection of tyrosine-containing 

neuropeptides, such as the endogenous opioid peptides, presents significant challenges. These 

molecules are readily broken down by proteases and tend to foul the electrode surface upon 

oxidation, making reproducible measurements difficult.49,59 All of the opioid neuropeptides 

contain the core sequence motif (Tyr-Gly-Gly-Phe) at the N-terminus, defining the pharmacophore 

for binding to classical opioid receptors.60 It 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 probes. However, met-enkephalin (M-

ENK) is a small, five-amino-acid peptide that begins with tyrosine (Tyr) on the N-terminus and 

terminates with methionine (Met) on the C-terminus (Figure 2.1A). 

 Of the amino acids in M-ENK, 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 signature (cyclic voltammogram, CV) that results from the combination of these 

amino acids exhibits two distinct oxidation peaks (Figure 2.1C, red) which can be used to 

qualitatively identify and quantitatively monitor M-ENK, as demonstrated previously.48ï50 The 

modified sawhorse waveform (MSW) (Figure 2.1B) that is used to detect ENK was developed to 

address specific challenges associated with in vivo measurements. It employs three distinct scan 



   

34 

 

rates to optimize sensitivity to M-ENK while minimizing sensitivity to DA.49 This unique 

waveform minimizes interference from catecholamines, which are abundant in striatum and easily 

oxidize at ~0.45 V during the initial phase of the voltammetric sweep (Figure 2.1B). As per the 

Randles-Sevcik equation, faradaic current in a voltammetry experiment scales with the square root 

of scan rate.61,62 The relatively slow scan rate of 100 V/s between -0.4 V and 0.7 V limits the 

current generated from catecholamines, enhancing selectivity for M-ENK.63 The Tyr residue in 

M-ENK oxidizes at ~0.9 V, in the second phase of the MSW (Figure 2.1B, purple). To maximize 

oxidation current in this segment of the voltammetric sweep, a faster scan rate is incorporated (600 

V/s), increasing sensitivity to M-ENK.64 The Met residue is oxidized at the top of the waveform, 

at ~1.3 V  (Figure 2.1B, green).65 The products generated in Met oxidation adsorb to the electrode 

surface, resulting in electrode fouling. This fouling significantly reduces the electrochemical signal 

over time. To mitigate this, the potential is held constant at 1.3 V for 3 msec to oxidize and strip 

the carbon surface itself, 66 essentially renewing it with each scan (Figure 2.1B, green).  
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Figure 2.1 Fast-scan cyclic voltammetry for the co-detection of DA and M-ENK. A) The structure 

of met-enkephalin (M-ENK) with its two electroactive amino acids, tyrosine (purple) and 

methionine (green). B) The modified sawhorse waveform (MSW) for M-ENK detection. C) Cyclic 

voltammograms (CVs) for standards of dopamine (DA) (left) and M-ENK (right) recorded using 

the MSW. D) Calibration lines to determine sensitivity for DA (blue) and M-ENK (red) (n = 3 

electrodes per analyte, error bars reflect ± standard deviation (SD)). 

 

A series of CVs were recorded for DA standards in a flow-cell apparatus using the MSW.  

Figure 2.1C (left) demonstrates the characteristic voltammetric response for DA oxidation and 

the subsequent reduction of DA ortho-quinone, with the redox current increasing in a 

concentration-dependent manner. Likewise, CVs for standards of M-ENK (Figure 2.1C, right ) 

show two distinct peaks for the irreversible oxidation of Tyr (first peak) and Met (second peak), 

similarly dependent on analyte concentration. These data demonstrate that the MSW can 

distinguish DA and M-ENK across a range of physiological concentrations.67,68 The sensitivity to 

M-ENK (18.2 ± 0.5 nA/µM) is notably greater than that to DA (9.6 ± 0.6 nA/µM), (Figure 2.1D, 

ANCOVA, F(1,38) = 119.7, p < 0.0001). The 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). 

These in vitro measurements provide characteristic signatures and sensitivities to serve as the 

foundation for a chemometric analysis of 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 in DA and M-ENK concentrations were simultaneously recorded at a single 

carbon-fiber microelectrode in response to a local biphasic electrical stimulation (20Hz, 20 Pulses, 

200 µA) of a rat brain slice containing the nucleus accumbens (NAc). Immediately following 

stimulation, a robust tissue response was observed, as indicated by the bolus of color in the 

representative color plot (Figure 2.2A). A CV extracted at ~12 sec (blue dashed line) features a 

peak at ~0.4 V, corresponding to oxidation of DA. Additional anodic current was recorded at ~1.3 

V. This signal peaked ~33 secs after stimulation onset. To putatively identify the analytes recorded, 

the CVs extracted from the raw data shown in the color plot were directly compared to the CVs 

for the in vitro standards of the purported analytes (Figure 2.2B, C). The CV extracted 2 secs post-

stimulation (Figure 2.2B, blue) is overlaid with a normalized CV for a DA standard (Figure 2.2B, 

black trace). Peak positions match well, identifying the first analyte as DA, consistent with a 

heavy dopaminergic input to striatum.38,69 The CV extracted at ~33 secs (Figure 2.2C, red trace) 

correlates well with that for the scaled M-ENK standard (Figure 2.2C, black trace). These 

voltammetric data suggest that the complex signal captured in the color plot contains significant 

contributions from both DA and M-ENK.  

A more rigorous analysis of the data used principal component regression (PCR) analysis 

to deconvolute individual chemical contributions to 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 variance.70,71 In the analysis of voltammetric 

data, the predictor CVs, often called a training set, are obtained in vitro from known standards 

spanning the physiological concentration range. This training set is used to estimate the 
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concentration of the same electroactive species in an unknown mixture (brain tissue).72 PCR 

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 well-constructed training set would generate principal components that are orthogonal 

to one another in multi-dimensional space.  

Four different concentrations of DA (Figure 2.1C, left) and M-ENK (Figure 2.1C, right ) 

were used for construction of the training sets. To ensure that the variance in the signal was 

adequately captured by the model, a Malinowskiôs F-test was used to objectively determine the 

number components to be retained in the PCR model, which in this case was two.72,73 The 

contribution of any variance in the data that was not assigned to a principal component is shown 

in the residual color plot (Figure 2.2D). The PCR model effectively accounted for most of the 

signal in the color plot. The squared cumulative variance at any given time, Q(t), can be used to 

quantitatively evaluate the PCR model (Figure 2.2E). Here, the Q(t) value lies below the 95% 

confidence threshold (QŬ = 13090 nA², horizontal red dashed line) across the recording, indicating 

that the training set performs well and can provide accurate estimation of the concentrations of DA 

and M-ENK throughout the experiment. Changes in DA (blue) and M-ENK (red) concentrations 

are plotted as a function of time (Figure 2.2F), demonstrating distinct kinetic profiles for these 

analytes. 
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Figure 2.2 Quantification of individual chemical contributors to the complex signal. A) 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 µA) is noted (orange arrow). B) A 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 (black). C) A CV (red) recorded 33 sec (red dashed line in A) after 

stimulation aligns well with that of a M-ENK standard (black). D) After PCR analysis, minimal 

residual current remains. E) The squared cumulative variance in the residual current, Q, is below 

the critical value, QŬ = 13090 nA2 (horizontal red dashed line), for the 95% confidence level. F) 

DA (blue) and M-ENK (red) exhibit distinct kinetics. Evoked DA concentrations rise and fall on 

a faster timescale than those of M-ENK. 

 

 

Minimization of DA Interference  

One of the primary objectives of this research is to characterize the conditions required to 

elicit endogenous opioid peptide release, and to directly compare them to those required for release 

of more classic small signaling molecules, like DA. However, opioid peptides are thought to be 

present at significantly lower concentrations than catecholamine (DA), which is abundant in 

striatum. As such, the DA input to the striatum was controlled by employing Designer Receptors 

Exclusively Activated by Designer Drugs (DREADDs), a well-established chemogenetic 
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approach. DREADDs are synthetic receptors, developed from human muscarinic (hM4) receptors, 

that are designed to be exclusively activated by synthetic ligands (designer drugs).53,74 The Cre-

dependent transgene encoding DREADD protein and a fluorescent tag (mCherry) was inserted 

into a viral vector (AAV) to enable the expression of the DREADD transgene specifically in DA 

(TH+ neurons) neurons (Figure 2.3A). To achieve this, a secondary Cre-recombinase AAV, under 

the control of the rTH promoter, was surgically co-injected into the ventral tegmental area (VTA) 

to express the DREADD protein selectively in local DA neurons.51,54 Following ~8 weeks of 

protein expression, coronal brain slices were obtained and DREADD protein expression was 

confirmed using the fluorescent mCherry tag (Figure 2.3B). Next, local electrical stimulation was 

used to evoke DA and M-ENK release in the NAc. A representative color plot of raw voltammetric 

data shows the characteristic release and reuptake of DA (Figure 2.3C), which is robust in this 

brain region. Bath administration of JHU 37160 (0.1 µM) for one hour significantly decreased DA 

release (Figure 2.3D-F), consistent with literature53 (paired t-test, *** p < 0.001, n=8).  Notably, 

minimization of the large DA signal revealed a small M-ENK 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 release. A) An exogenous 

transgene for DREADD protein expression was specifically targeted to DA neurons using a Cre-

recombinase adeno-associated 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 DREADD ligand (JHU 37160), 

membrane hyperpolarization occurs through a decrease in cAMP signaling, 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 wide-field fluorescence microscopy image confirming 

protein expression with mCherry-labeled DA terminals in the nucleus accumbens (NAc). C, D) 

Representative color plots of voltammetric data demonstrate the evoked DA signal before and after 

one-hour after application of JHU 37160. The DREADD ligand effectively decreases DA release, 

revealing M-ENK signaling. E) DA concentration versus 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 paired t-test, *** p < 0.001, error bars reflect ± 

standard error of the mean (SEM)).  

 

Characterization of Evoked DA and M-ENK Dynamics 

A widely held hypothesis suggests that neuropeptide release requires a hard stimulation, 

because more calcium is required to mobilize the large dense-core vesicles that contain the 
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neuropeptides than is required to evoke small clear vesicle exocytosis containing 

cathacholamines.46,47 This is because strong stimulation raises intracellular calcium levels high 

enough to induce exocytosis of large dense core vesicles, which are positioned deeper within the 

cell compared to the rapidly recycling vesicles. To investigate this, biphasic electrical stimulations 

were applied at a fixed frequency (20Hz) to examine the effect of stimulation duration (20 vs 40 

pulses). The DA and M-ENK signals were quantified by integrating the area under the curve of 

the resultant concentration versus time traces. The data were then normalized to the lowest 

stimulation (20Hz 20 Pulses) before averaging across subjects. Evoked DA concentrations scaled 

with stimulation duration, as expected (Figure 2.4A, paired t-test, *** p < 0.001, n=8).38 

Interestingly, the data revealed a biphasic release profile for M-ENK, with two distinct phases that 

were evaluated independently. The initial phase of ENK release coincided with the rapid release 

of DA (Figure 2.4B ï orange). This signal reached a minimum (inflection point) before rising 

again to reflect a second, larger bolus of released M-ENK (Phase 2, Figure 2.4B ï pink ). Overall, 

M-ENK release was dependent on stimulation duration (Figure 2.4C, F, unpaired t-test, *** 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 doubled (Figure 2.4D, E, G, H, unpaired t-test, *** p < 0.001, n=8).  
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Figure 2.4 Characterization of DA and M-ENK release as a function of stimulation duration. A) 

Quantification of the area under the DA concentration versus time traces demonstrates that DA 

release is directly dependent on stimulation duration (20 Hz). B) M-ENK release exhibits an 

interesting biphasic profile that can be segmented into phase 1 (orange) and phase 2 (pink). C) 

Quantification of the area under the M-ENK concentration versus time profiles demonstrates a 

clear dependence on stimulation duration. D, E) 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 signal. F-H). The same data points individually plotted to 

demonstrate signal variability, (n=8 animals, students unpaired t-test, *** p < 0.001, error bars 

reflect ± SEM). 
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Dopaminergic neurons fire at a range of frequencies to relay reward-related information.75ï

77 Thus, a train of 20 stimulation pulses was applied at a range of frequencies (20, 60, and 100 Hz). 

The resultant data demonstrate that the evoked DA signal was indirectly dependent on stimulation 

frequency (Figure 2.5A, n=8), consistent with prior studies that have demonstrated an important 

role for local cholinergic modulation of this trend.78 Other studies have also demonstrated 

diminished DA release at high frequencies (~100 Hz) in both rats79 and mice.80 Interestingly, the 

data reveal a different trend for simultaneous ENK release. The amount of ENK released decreased 

when the stimulation frequency was increased from 20Hz to 60Hz, but this was reversed at the 

highest stimulation frequency investigated (100 Hz, Figure 2.5C, one-way ANOVA, Tukeyôs 

post-hoc test, *** p < 0.001, n=8). When the M-ENK signal was divided into Phase 1 and Phase 

2, no significant effects of frequency were evident in the first phase of the signal (Figure 2.5D) 

with the entirety of the dependence evident in the second phase (Figure 2.5E, one-way ANOVA 

with Tukeyôs post hoc test, * p < 0.05 and ** p < 0.01, n=8 animals). Effect of stimulation 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 M-ENK release as a function of stimulation frequency. A) 

Quantification of the area under the DA concentration versus time traces demonstrates that DA 

release is indirectly related to stimulation frequency. B) A representative M-ENK concentration 

versus time trace, with phase 1 (orange) and phase 2 (pink) distinguished. C) Quantification of the 

area under the M-ENK trace demonstrates a U-shaped dependence on stimulation frequency. D, 

E) The stimulation dependent M-ENK release is predominantly reflected in the second phase of 

the signal. F-H) The same area under the curve data individually plotted to demonstrate signal 

variability (n=7-8 animals, one-way ANOVA with Tukeyôs post-hoc test, * p < 0.033, ** p < 

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 M-ENK concentration kinetics revealed an interesting and 

distinct biphasic release profile. We further evaluated this by quantifying the latency required to 

reach peak extracellular concentrations following stimulation. Extracellular DA concentrations, 

on average, peaked 3 ± 0.2 secs after stimulation onset (20 pulses, 20-100 Hz), while M-ENK 

peaked significantly later, at 39 ± 2.3 secs (Figure 2.6A, students unpaired t-test, *** p < 0.001, 

n=7-8). The increased time to reach maximum extracellular concentration suggests a difference in 

the diffusional distance. The sphere of influence of each of these neurochemicals can be estimated 

by solving Fickôs second law of diffusion, where the diffusion distance is related to the diffusion 

time (in three dimensions) through (Equation 1) as follows: 81 

‏  ЍφὈὸ                                                             (1) 

Solving this equation requires estimation of the diffusion coefficient (D) for each of these 

species. The diffusion coefficient for catecholamines has been widely reported.81 M-ENK (574 

g/mol) is larger than dopamine (153 g/mol), and itôs diffusion coefficient is estimated to be ~68% 

of the DA diffusion coefficient, based on prior studies.82,83 Here, the diffusion coefficient of DA 

was estimated to be 8.2·10-7 cm2/s, as reported previously for diffusion of catecholamines at a cell 

surface.81 As such, that for M-ENK was estimated to be ~5.6·10-7 cm2/s. Using these values, the 

diffusional distances ‏ corresponding to the signals summarized in Figure 2.6A, and in Figure 

2.6C (top), were approximated to be 39 µm for DA and 115 µm for M-ENK (Figure 2.6B). These 

values are consistent with previous estimates for the opioid peptides L-ENK and dynorphin. In 

these studies, UV light was used to photolyze precursor compounds, converting them into active 

peptides.84 Similarly, recent studies comparable diffusion distances of 100-150 ɛm, demonstrating 

neuropeptides diffuse over a further distance than catecholamines.84ï88 One study used cell-based 
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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 showing an effective signaling range around 130 ɛm.85 Here, both 

ENK and DA were released in response to the same stimulation and recorded at the same site. The 

data indicate that M-ENK remained in the extracellular space 3x longer than DA. As such, 

neuropeptide affects larger populations of neurons, consistent with its role as a neuromodulator. 

As previously mentioned, a popular hypothesis suggests that relatively hard stimulations 

are required to elicit the release of neuropeptides stored in large dense core vesicles, as opposed to 

more classical small-molecule transmitters stored in small-clear vesicles. To investigate this 

hypothesis, the tissue was stimulated at different intensities (20 Hz, 20 pulses and 60 Hz, 120 

pulses) and the results directly compared by quantifying the resultant area under the concentration 

versus time curve (Figure 2.6C). The large electrical stimulation elicited significantly more release 

of both DA and M-ENK, and the biphasic ENK kinetics were conserved. Notably, high-intensity 

(60 Hz 120 Pulses) stimulation resulted in approximately a 200% increase in AUC for DA and a 

750% increase in AUC for M-ENK compared to a low-intensity (20 Hz 20 Pulses) stimulation 

(Figure 2.6C, bar graphs, studentôs paired t-test, ** p < 0.002, n = 6). 

Finally, the unique biphasic kinetics of neuropeptide release were explored. The ENK 

concentration versus time traces (n = 8 animals) were averaged (Figure 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 well-characterized Michaelis-Menten model quantifying 

neurotransmitter release and reuptake kinetics:38  

ὅ
ὠ

ὑ
ὅ ρ

Ὠὸ                                                    ς 
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where Vmax (the limiting rate of the transport) and Km (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 proteolytic cleavage in the extracellular space.13 Nonetheless, fitting the M-ENK release 

profile using the Michaelis-Menten equation resulted in the orange trace in Figure 2.6D, with an 

R² 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, M-ENK 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 consecutive chemical reactions, A Ÿ B and 

B Ÿ C, with rate constants k1 and k2, respectively. This situation would be expected if electroactive 

M-ENK were cleaved extracellularly upon exocytotic release of a larger prohormone (compound 

A, not electrochemically detectable), 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.89,90 In this case, the concentration of intermediate species, B, can be described by 

Equation 3:91 

ὅὄ  ὅ Ὡ Ὡ                                             σ     

where, C(B) represents the concentration of the electroactive compound (M-ENK) generated as a 

function of time (t) after the onset of the rise in signal (t0), and the initial concentration of 

compound A (larger precursor peptide) is represented by C0. This equation (red trace) fits the 

experimental data well during phase 2 of release (Figure 2.6D, R2 = 0.988), allowing for 

estimation of the rate of formation of M-ENK from a larger precursor (k1=0.3862 s-1) and the rate 
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of clearance of this compound (k2= 0.0363 s-1) 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 is further cleaved in the extracellular space. 

 

Figure 2.6 Dopamine and M-ENK signaling occur on two distinct timescales. A) Extracellular DA 

concentrations peaked ~3 sec after stimulation onset, while maximal M-ENK concentrations were 

recorded ~37 sec after stimulation (n = 7-8 animals, students unpaired t-test, *** p < 0.001, error 

bars reflect Ñ SEM). B) Fickôs second law of diffusion suggests that M-ENK experiences a larger 

extracellular volume (average diffusion distance, ~115 Õm) compared to DA (~39 Õm). C) 

Concentration versus time traces illustrating differences in DA (blue) and M-ENK (red) kinetics 

in rat striatum evoked with a relatively small (top, 20 Hz 20 Pulses) versus large (bottom, 60 Hz 

120 Pulses) local stimulation. Bar graphs demonstrate significant increase in AUC for DA and M-

ENK (n = 6 animals, students paired t-test, ** p < 0.002, error bars reflect Ñ SEM). D) Phase 1 of 

M-ENK release (orange) fits the classic Michaelis-Menten kinetic model for transmitter release 

and uptake. Phase 2 fits to a model describing a two-step chemical reaction, where M-ENK is 

generated as an electrochemically active intermediate (compound B), formed from compound A 

(not electroactive) at rate k1 and cleared at rate k2.  
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Validation of M-ENK Signal using Mass Spectrometry 

 

To independently validate the complex M-ENK signal, we turned to a complementary 

analytical approach using liquid chromatography paired with tandem mass spectrometry (LC-

MS/MS). For this set of experiments, the fresh striatal slices were immobilized in a sterile petri-

dish and C-18 coated solid-phase extraction (SPE) beads were carefully positioned on tissue in the 

NAc. A series of electrical stimulations was performed using the stimulation parameters employed 

in the electrochemical experiments. Here, each tissue slice received 5 electrical stimulations with 

a rest period of 3 minutes between stimulations (total of 15 minutes per slice). The beads are 

designed to entrap species released in response to the electrical stimulation (Figure 2.7A), 

protecting from further proteolytic processing. The beads were carefully collected and processed 

in a series of stabilization, rinse, and release steps to elute the captured peptides from the beads, as 

described previously.55 Finally, the eluted material was chemically oxidized for improved stability, 

which enhances detection of the opioid peptides.92,93 The eluted material was analyzed using LC-

MS and the experimental isotopic mass spectra (Figure 2.7D) were compared to the theoretical 

isotopic mass spectrum for oxidized M-ENK (Figure 2.7B). Additionally, a series of commercial 

M-ENK standards was similarly processed and analyzed (Figure 2.7C) to definitively demonstrate 

that M-ENK was released from the tissue using this protocol.    
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Figure 2.7 Independent validation of the M-ENK signal by SPE coupled with LC-MS/MS 

detection. A) Workflow for SPE sampling.  The neuropeptides released in response to stimulation 

were extracted into solid-phase resin beads positioned on the tissue slice during electrochemical 

measurement of DA and M-ENK. Neuropeptides were then eluted from the beads for LC-MS/MS 

analysis. B) The theoretical isotopic mass spectrum for oxidized M-ENK, C) a representative mass 

spectrum collected for an oxidized M-ENK standard, and D) an example spectrum collected from 

brain tissue releasate showing an oxidized M-ENK signal.   

 

 

Conclusions 

 

This study provides significant insight into the real-time dynamics of DA and M-ENK 

release in the striatum by relating the time course of these signals, recorded with the same electrode 

at the same place and time, to one another. Simultaneous co-detection of these neurotransmitters 

using a specifically designed modified sawhorse waveform (MSW) revealed significant 

differences in the kinetics and release profiles of DA and M-ENK in rat striatum, supporting the 

hypothesis that both dopamine and opioid neuropeptide release scale with local stimulation 
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intensity. Importantly, the results demonstrate that these two neuromolecules have different 

lifetimes in the extracellular space, and diffusion distances. Even though both neurotransmitters 

are released from the same terminals, they could affect different population of cells to impact to 

drive affect striatal output or function. Additionally, the biphasic nature of the M-ENK 

concentration versus time trace suggests that at least two forms of ENK are released. One species 

that is already processed, and another that is retained in a longer form that needs further cleavage 

before it can have an effect. Finally, the identity of M-ENK was validated using solid-phase 

extraction combined with liquid chromatography-mass spectrometry (LC-MS/MS), confirming 

our electrochemical detection. Overall, the results underscore the complex interplay between DA 

and endogenous opioid peptides (EOPs) in the striatum, highlighting their distinct roles in 

modulating reward-related behaviors and physiological functions. This research 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 HPLC-MS grade) were 

purchased from Sigma Aldrich Co. (St. Louis, MO) unless otherwise specified. Slice experiments 

were performed in artificial cerebrospinal fluid (aCSF; 119 mM NaCl, 2.5 mM KCl, 1mM 

NaH2PO4·H2O, 26.2 mM NaHCO3, 11 mM D(+)-glucose, 1.3 mM MgSO4·7 H2O, 2.5 mM CaCl), 

made as a 10x stock solution and diluted to 1x on the day of the experiment using doubly distilled 

water (Ó18 MɋĿcm, Millipore Milli-Q, Billerica, MA). Compressed O2 and 5% CO2/95% O2 

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 collections, all aqueous solutions were prepared using 

Optima LC-MS grade water. 

Genetic Constructs. All genetic constructs were packaged by and purchased from 

Addgene. For these experiments, the inhibitory hM4Di DREADD (ñDesigner Receptor 

Exclusively Activated by Designer Drugsò) was packaged into the pAAV-hSyn-DIO-hM4D (Gi)-

mCherry, a gift from Bryan Roth (Addgene plasmid # 44362; http://n2t.net/addgene:44362; RRID: 

Addgene_44362). This transgene was packaged in a double-inverted open (DIO) reading frame, 

and also included a red fluorescent protein (mCherry) to aid in determination of DREADD 

expression through fluorescence microscopy. Neuronal specificity for TH neurons was achieved, 

using a secondary TH-Cre recombinase packaged into the AAV.rTH.PI.Cre.SV4 transgene, a 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 1x1012 vg/mL.  

The hSyn-DIO-hM4D (Gi)-mCherry and rTH.PI.Cre.SV4 plasmids were previously 

described. Briefly, the Cre-recombinase 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 Caroline Bass and colleagues51, 

TH-Cre recombinase was infused into the area of interest with the secondary construct for Cre-

dependent expression of the inhibitory DREADD (1:1 TH-Cre recombinase: DREADD (1x1012 

vg/mL, 1.2µL total volume infused, 0.6µL bilaterally)). When co-infused 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 using wide-field fluorescence 

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 Animal Care and Use Committee (IACUC) guidelines and the NIHôs 

Guide for the Care and Use of Laboratory Animals. Adult male and female Sprague-Dawley rats 

(275-500g, Charles River Laboratories) were pair housed in a temperature and humidity-controlled 

environment (12h/12h light-dark cycle, with unlimited access to food and water) for at least 2 days 

prior to genetic manipulation. After genetic manipulation, animals were single-housed with extra 

enrichment in a temperature and humidity-controlled environment (12h/12h light-dark cycle, with 

unlimited access to food and water) for ~8 weeks, until the slice experiment was performed.  

Stereotaxic virus injection. 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 ~2.0 - 3.0% for the duration of the procedure. The animalsô body 

temperature was maintained at 37 ęC with a heating pad, and hydration was checked every 15 

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 (VTA) (-5.3 mm AP, +/- 

0.9 mm ML relative to bregma, -8.0 mm DV relative to skull) to co-inject a combination of hSyn-

DIO-hM4D (Gi)-mCherry and rTH.PI.Cre.SV4, according to coordinates from the Paxinos and 

Watson rat brain atlas.94 The protein was gradually infused at a rate of 0.1 µL/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 of 

the protein during removal. Animals were sutured and removed from isoflurane. Once ambulatory, 
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acetaminophen was administered orally (100-300 mg/kg, ~0.2 - 0.4 mL, offered every 8-12 hours 

up to 48 hours post-operation) 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 ~8 weeks, during 

which time the protein was expressed.  

Carbon-Fiber Microelectrode Fabrication. Insulated carbon-fibers microelectrodes 

were fabricated in house, as previously described.95 Briefly, a single T-650 carbon fiber (7 µm 

diameter, Cytec Industries) was aspirated into a borosilicate glass capillary tube (1.0 mm external 

diameter, 0.5 mm internal diameter, 10 cm long, A-M systems) using a vacuum pump so that it 

extended from both ends. 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 µm in length, using an optical microscope 

and a surgical scalpel. Finally, a stainless-steel 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 were characterized in vitro with fast-scan cyclic 

voltammetry (FSCV) performed using a flow injection apparatus inside a custom-built, grounded 

Faraday cage. Voltammetric calibrations were performed for dopamine and met-enkephalin 

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 head-stage amplifier (Pine 

Research Instruments). Potentiostat 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 device (PCIe-6363, National 
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Instruments). All electrochemical measurements were made using a ñmodified sawhorse 

waveformò which combines multiple voltammetric scan rates with a brief amperometric hold in 

each sweep (vs Ag|AgCl, -0.4 to +0.7 at 100V/s, +0.7 V to +1.3 V at 600 V/s, hold at +1.3 V for 

3 ms, -0.4 V holding potential, 10 Hz). Waveform was applied once during each recording over 

the course of 60-120 sec. Background subtraction and digital filtering were performed after 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 by concatenating sequentially 

collected voltammograms and currents are plotted in false color.  

Brain Slice Experiments. Animals were deeply anesthetized with 5% isoflurane (7 min, 

2 L/min O2) followed by rapid decapitation. Brains were rapidly extracted and sliced coronally 

into 400 µm thick slices using a vibratome (NVSL, World Precision Instruments). Striatal slices 

were transferred to a holding chamber containing room-temperature aCSF (119 mM NaCl, 2.5 

mM KCl, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM glucose, 2.5 mM CaCl2 and 1.3 mM) 

bubbled with a CO2/O2 mixture (5% CO2 and 95% O2) and allowed to rest for 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 CO2/O2 mixture using a peristaltic pump (1 

mL/min, Minipuls 3, Gilson). A carbon-fiber microelectrode was positioned near the nucleus 

accumbens (NAc) using a micromanipulator (LBM-7, Scientifica). A bipolar tungsten stimulating 

electrode (FHC Inc.) was positioned near the carbon-fiber microelectrode in the NAc. During the 

experiment, slices were perfused with the DREADD agonist, JHU 37160, added into the aCSF 

CO2/O2 mixture using the peristaltic pump (1 mL/min). Voltammetric recordings were collected 
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every 5-7 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 were obtained at 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 O2) 

followed by rapid decapitation. Brains were rapidly extracted and sliced coronally into 400 µm 

thick slices using a vibratome (NVSL, World Precision Instruments). Striatal slices were 

transferred to a holding chamber containing room-temperature aCSF (119 mM NaCl, 2.5 mM KCl, 

1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM glucose, 2.5 mM CaCl2 and 1.3 mM in Optima LCMS 

grade water) bubbled with a  CO2/O2 mixture (5% CO2 and 95% O2) and allowed to rest for 1 hr 

prior to SPE sampling. 

To a lo-bind PCR vial containing pure acetonitrile, a collection of C18 wet-resin 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. Next, the beads 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 (~2 µL). Conditioned C-18 beads (~10-15 µL) were applied onto the tissue slice 

allowing the beads to sink and settle on the slice. Beads were positioned to one hemisphere with a 

focus on the ventral striatum. Electrical stimulation was applied using a biphasic stimulating probe 

(frequency varied between 20 and 60Hz, # of pulses varied between 20-120 pulses, amplitude 2, 

pulse length 2ms, start delay 20ms, duration 4s) using High-Definition Cyclic Voltammetry 

software (HDCV, University of North Carolina at Chapel Hill). All 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 µL). 

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 carefully collected into a sterile PCR vial. The 

suspended bead solution was centrifuged at 4000 RPM and the supernatant was discarded. A rinse 

solution (100 µL; 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 µL; 70% v/v acetonitrile and 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, lo-bind PCR vial. All spent beads were discarded. Methionine 

was oxidized in select samples via an oxidation reaction (100 µL of 1M acetic acid and 10 µL of 

30% hydrogen peroxide, incubate 37°C, 30 min).  

The release samples obtained were dried in SpeedVac, reconstituted in formic acid (0.1% 

v/v in water, 10 ɛl), and spun at 14,000 RPM for 15 min to remove insoluble components. The 

resulting supernatant was used for validation of the M-ENK signal through nanoLC-nanoESI-

TIMS-MS/MS (Bruker, Billerica, MA) 

Data Analysis and Statistics. Individual analytes were resolved from voltammetric data 

using principal component regression (PCR), performed with HDCV Analysis. All data presented 

are shown as the mean ± standard error of the mean (SEM) or ± standard deviation (SD), as 

denoted. For statistical analysis with PCR, training sets were constructed of cyclic voltammograms 

collected in vitro for standards of M-ENK that span the physiological range. For DA PCR analysis, 

an in vivo training set for DA was constructed by using background CVs from the raw data of DA 
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at low and high concentrations.  The quality of the training set was evaluated by analyzing the 

orthogonality of the components. Data was selected for quantification based on the 95% 

confidence threshold (Qa). 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 subjected to a Grubbsô outlier test (p < 0.05), to determine if 

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 worked-up. Unless otherwise noted, graphical 

analyses were carried out using GraphPad Prism 8 (GraphPad Software, Inc., La Jolla, CA). All 

statistical analysis (Grubbsô outlier test, one-way ANOVA with Tukeyôs multiple comparison test, 

one-tailed students paired t-test, one-tailed students unpaired t-test) were performed with 

GraphPad to determine significance in the data. In all cases, significance was designated at p < 

0.05.  
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CHAPTER 3: Profiling Neuropeptide Dynamics in Adrenomedullary Cells: Insights into 

Regulated Release via Electrical and Chemical Stimulation 

The following work was conducted in collaboration with my colleagues in the Sombers lab, Dr. 

Dylan Denison, Dr. Chathuri De Alwis, and Hannah Sumner, and with Dr. Elena Romanova and 

Dr. Jonathan Sweedler from the Neuroproteomics and Neurometabolomics Center on Cell-Cell 

Signaling at the University of Illinois Urbana-Champaign. 

 

 
 

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 system.1ï4 These 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 substance abuse disorders. Our understanding of the endogenous opioid system has 

significant gaps due to real-time detection challenges. Peptidergic signaling occurs on a sub-

second timescale. It is well established that opioid signaling is implicated in pain, reward, 
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motivation, response to stress, and vital physiological functions like heart rate and breathing.5ï14 

However, a lack of real-time detection challenges leads to a lack of concreate information on 

consequential behaviors to that signaling.  

There are three major classes of endogenous opioid peptides: dynorphins, endorphins, and 

enkephalins. Each of these peptide classes share the Tyrosine-Glycine-Glycine-Phenylalanine 

(YGGF) motif, which binds to, and activates opioid receptors.15,16 Indirect, inferential methods of 

detection like ligand-binding assays (radioimmunoassay) and mRNA detection (in situ 

hybridization) have charted a complex opioid network with promiscuous receptor binding.5,15,17ï22  

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 proteins.5,15,17ï22 Previous studies have done excellent work 

measuring the expression of mRNA; however, real-time signaling peptide detection remains 

challenging, and information on the species present and their consequential processing is 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 signaling.3,23ï25 As such, a more thorough understanding of dynamics, distribution, 

and function of endogenous opioids is required. Understanding real-time opioid peptide signaling 

is crucial to developing treatment 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 role in the production and release of 

ENK-containing peptides.20,26ï29 PENK-encoded peptides M-ENK, L-ENK, and M-ENK-Arg-Phe 

(MERF) have been detected in adrenal medulla, and have different functional consequences upon 
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receptor activation.20,30,31 Prior literature demonstrates that neuropeptides are stored in large dense 

core vesicles, a messaging organelle found in abundance within adrenal chromaffin cells.4,29,32 A 

single chromaffin cell contains ~20,000 dense core vesicles that store high concentrations of 

neurochemicals like catecholamines,33,34 ATP, and neuropeptides.28,29,35ï38 We have previously 

shown that electrochemical detection of enkephalins from adrenal tissue, brain tissue, and isolated 

chromaffin cells enables real-time monitoring of opioid peptide dynamics. Electrochemical 

monitoring provides crucial quantitative information on features of peptide signaling, such as the 

timescale of release, diffusion distance, concentration range, etc.39,40 However, peptidergic release 

from adrenal medullae tissue and cells has not been as extensively characterized. Further, 

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 

uses solid phase extraction (SPE) for collection of neuropeptides from releasates followed by 

liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) to characterize and 

directly compare neuropeptide complement in cellular extracts and releasate evoked via 

stimulation. The stimulations employed were electrical and nicotinic to investigate peptide release 

following generalized depolarization versus g-coupled receptor activation, respectfully. Our data 

suggest that electrical and nicotinic stimulation techniques are suitable to cause exocytosis. We 

find that the type of stimulation did not influence the composition of the released peptidome; 

predominant part of the released peptidome was PENK-derived 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 cellular extracts and 
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comparing releasate elicited 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 LC-

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 

neuroendocrine signaling.41,42 Some of these peptides, particularly catecholamine-regulated 

peptides involved in the "fight or flight" response have been extensively characterized.43 

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 from bovine adrenal glands according 

to previously established protocols.39,40,44,45 The 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 nanoLC-nanoESI-TIMS-MS/MS to 

quantify proteins and peptides that were extracted from the purified cells (Figure 3.2A).  

The adrenal gland is innervated by the splanchnic nerve, which releases acetylcholine to 

depolarize the chromaffin cells by way of nicotinic acetylcholine receptors.46 As such, bovine 

adrenal medulla tissue slices were either chemically stimulated via bath application of a nicotine 
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solution (40 ɛM), or electrically stimulated using a bipolar stimulating electrode (2 s, 500 µA, 5 

Hz, 10 pulses). To assess peptidergic release (Figure 3.2B), conditioned C-18 beads were locally 

positioned on adrenal tissue slices to directly sample at the site of release using SPE.47ï49 This 

sampling technique effectively protects peptides from enzymatic degradation by entrapping them 

in the pores inherent to the stationary phase (bead). Following stimulation, the beads containing 

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

the peptides entrapped within the solid-phase material. Comprehensive detection was performed 

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

nor assumptions on specific molecules of interest.48,50 Samples of releasate were collected in 

triplicate for both the electrical and nicotinic stimulation conditions. By comparing the relative 

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

conclusions.  

 

Figure 3.2 Workflow schematic illustrating sample collection and subsequent processing. A) 

Bovine chromaffin cells were pelleted, resuspended in acidified methanol and homogenized. The 

protein and peptide composition of the cellular material was assessed using nanoLC-nanoESI-

TIMS-MS/MS. B) SPE was used to sample peptide release from thinly sliced bovine adrenal 

medullae. Conditioned C-18 beads were positioned atop individual tissue slices to sample directly 

from the site of release. After stimulation, the C-18 beads were collected, acidified, rinsed, and the 

eluate was assessed for peptidergic content. 
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Overall, the study identified ~1260 unique peptides that originated from 615 proteins and 

152 protein groups in the medulla tissue cellular extract. The list of proteins was narrowed by 

removing any proteins that were non-secreted 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 for analysis in this work. Percent cumulative abundance was 

determined by calculating the sum of the protein areas for each individual sample followed by 

dividing an individual protein area by that sum. Of these, 26 proteins were found to be the most 

abundant, as designated by a cumulative abundance of Ó 0.1% of the total protein content in each 

sample type (Table 3.1). All detected proteins were annotated with an N-terminal signaling peptide 

that is associated with intracellular shuttling to the endoplasmic reticulum, indicating the potential 

for secretion. Gratifyingly, there was a higher number of non-secreted proteins in the cellular 

extract than in the releasate samples, despite most of the proteins exhibiting the N-terminal 

signaling peptide. This confirms that the material found in cellular extract was largely 

compromised of proteins that are not generally secreted.  
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Table 3.1 Detected proteins and their distribution in each sample group based on cumulative 

abundance, which was determined by calculating the percentage of each in the individual samples. 

Only the most abundant proteins are shown (Ó 0.1% abundance). Chemical and electrical 

stimulation selectively triggered the release of secreted proteins. 

 

 

 

Table 3.1 compiles the most abundant proteins identified (cutoff threshold Ó 0.1% 

abundance). There are slight variations between the tabulated proteins found in releasate vs cellular 

extract (Figure 3.3A), but a more complex subset of proteins was detected in the cellular material, 

likely due to overall higher chemical complexity of the cells and a larger amount of starting 

biological material. There were only 2 proteins unique to the releasate and, further, the proteins 

could be differentiated by type of stimulation employed. Similarly, there were 15 proteins unique 

to cell extract, while 7 identified proteins were shared across all sample types. Interestingly, there 

was only 1 protein unique to both cellular extract and electrically evoked release, and 2 proteins 
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identified in both cellular extract and releasate evoked using a nicotine stimulation. These data 

were insufficient to differentiate the effect of stimulation type, if any, on the profile of proteins 

released.  

The shared proteins identified across at least two sample conditions were further assessed 

(10 proteins). Total cumulative abundances were compiled to reveal relative abundance 

percentages in releasate samples (Figure 3.3B and C) and cellular extract (Figure 3.3D). Many 

of the identified peptides were mapped back to PENKðconsistent with the PENKôs known 

function as a precursor hormone for prominent opioid peptide signaling molecules. In all sample 

preparations, peptides derived from PENK made up the largest proportion of the detected proteins. 

The cumulative abundance of PENK-derived peptides was ~66% of the detected proteome for 

electrically stimulated samples, ~65% for nicotine stimulated samples, and ~47% for the cellular 

extract. Notably, there were differences in the abundance of the other proteins identified across the 

samples. Pro-adrenomedullin was the second most abundant protein (7%) found in the releasate 

evoked by electrical stimulation, followed by secretogranin-1 (4%). By contrast, chromogranin-A 

(6%) was the second most-abundant protein identified in the releasate evoked by nicotinic 

stimulation, followed by pro-adrenomedullin (5%). Lastly, PCSK1N (20%) was the second most 

abundant protein identified in the sample extracted from the cellular material, followed by 

chromogranin-A (7%), and pro-adrenomedullin (6%) (Figure 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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Figure 3.3 A subset of proteins is shared across all three sample types, with some individual 

proteins unique to a given preparation. A) Three-way Venn diagram compiling the total cumulative 

abundance of proteins detected across each sample type, as described in Table 1. Of the 26 

identified proteins, seven were shared across all three sample types.  B-D) Bar graphs of the same 

data quantifying the relative abundance of specific proteins within releasate samples (B, C) and 

the cellular material (D). Across all sample types, Proenkephalin-A (PENK) was the most 

abundant protein detected (red).  

 

 

Functional Enrichment Analysis of All Detected Proteins 

Gene-ontology (GO) molecular-function enrichment analysis was performed on the major 

proteins identified in this study. Among the 73 proteins assessed, 54 were matched to a gene by 

the Protein Analysis Through Evolutionary Relationships (PANTHER) classification system. The 
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significance of the enrichment was quantified through comparison of gene-family phylogenetic 

trees with the bos taurus genetic reference library (ïlog10P, Fisherôs exact test, P < 0.05). These 

proteins were mapped to genes involved in a variety of functions including protein binding, 

neuropeptide activity, and neuropeptide hormone activity (Figure 3.4A). The annotated genes 

were then further classified according to PANTHER classification tools and previous studies.29 

The relative abundance of identified genes was determined to be neuropeptides (~20%), proteases 

(~11%), unknown (not annotated, ~13%), or other (structural proteins, chaperones, transfer 

proteins, etc., ~56%) (Figure 3.4B). As expected, numerous genes were categorized as binding 

molecules and proteases. A gene ontology that reflects binding proteins to concentrate signaling 

molecules and proteases for proteolytic processing of peptides into mature signaling molecules is 

consistent with the fact that chromaffin granules are used for storage and regulated exocytosis of 

neurochemical content in adrenal cells. 

 

Figure 3.4 Detected proteins were assessed for molecular function by gene ontology according to 

PANTHER analysis. A) Of the 74 proteins imported to PANTHER, only 54 were mapped (False 

Discovery Rate (FDR) P < 0.05) to a gene. The significance of the enrichment is quantified in 

comparison to the bos taurus reference set (ïlog10P, Fisherôs exact test, P < 0.05). These proteins 

were primarily mapped back to genes that govern functions including protein binding and cellular 

signaling. B) The mapped genes were further categorized according to PANTHER analysis and 

prior literature classifications. 
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Next, a prediction of protein-protein interactions was performed in STRING web interface 

using the protein accession numbers for the most abundant identified proteins (Figure 3.5). The 

predicted interactions reflect both direct (physical) and indirect (functional) associations. The 

predictions were derived using a combination of computational methods, transfer of findings 

collected across organisms, and interactions gathered from primary sources in the STRING 

database. This analysis demonstrated that the interactions could be classified into three main 

categories: a neuropeptide family, a collagen family, and fibrinogen proteins (Figure 3.5C). 

Cellular component analysis (Figure 3.5A) of the most abundant proteins detected (Table 3.1) 

showed enrichment in dense-core, transport, and secretory vesicles, which are all cellular 

components associated with the biomechanics of neurochemical release. Molecular function 

analysis identified an enrichment of signaling receptor binding functions, as expected if the 

detected peptides are involved in peptidergic signaling (Figure 3.5B). A network drawing of 

predicted associations between the detected peptides and their identified proteins (Figure 3.5C) 

was characterized by 21 nodes and 42 edges with an average edge 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), and a p-value < 1.0 e-16. Overall, this enrichment analysis 

indicates that most of the proteins detected were biologically associated with carrying out a set of 

specific functions.  
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Figure 3.5 The functional enrichment of the most abundant gene products detected in adrenal 

releasate, classified by cellular component and molecular function. A) Cellular-component gene 

ontology related most of the detected proteins to the cytoplasmic vesicles and extracellular space. 

B) Of the proteins analyzed, nine were identified as signaling receptor binding proteins (FGA, 

VGF, CALR, COL3A1, SCG2, NPY, PENK, FGB, ADM) by molecular-function gene ontology. 

C) The network drawing of predicted associations between the detected peptides and their 

identified proteins (27 proteins, maximum FDR < 0.05, maximum strength shown > 0.01, 

minimum count in network = 2). 

 

 

Revealing the PENK-Derived Peptidome Composition 

Each polypeptide precursor hormone undergoes sequential enzymatic cleavage steps, 

transport and other post-translational modifications resulting in multiple bioactive peptides. PENK 

in the adrenal gland is known to undergo partial processing, unlike in neuronal cells, resulting in 
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a plethora of ñincompletelyò processed peptides.42 A PENK precursor hormone contains 6 copies 

of the M-ENK sequence. It is predicted that only four are cleaved into M-ENK by protease 

activity.51ï53 The PENK sequence contains one copy of L-ENK, as well as longer varieties of M-

ENK (MENK-RF, MENK-RGL) and also contains the sequence for other signaling molecules 

such as BAM-18, metorphamide, amidorphin, peptide E, and peptide F.18,54,55 As such, detected 

PENK-derived peptides were further analyzed to investigate cleavage location and target areas of 

interest. Overall, this study identified 583 PENK-derived peptides in the extracts from the cellular 

material and the two types of releasate (Table 3.2). The releasate samples were found to share 101 

peptides in common with prior studies that investigated the intravesicular peptidome of extracted 

dense-core vesicles.29 The peptides identified in this study appear to have been generated in 

multiple proteolytic steps or perhaps through degradation, as evidenced by the staircase-like nature 

of the data presented in Table 3.2. A range of enzymes such as aspartic, cysteine, serine, and 

metallo-proteases have been shown to produce neuropeptide intermediates in dense core secretory 

vesicles.29,56 In addition, prohormone convertase 1/3 (PC1/3) is protease that is localized to large 

dense-core vesicles and serves to cleaves ENK-containing fragments from PENK.57 This enzyme 

works in tandem with cathepsin L to create mature ENK peptide fragments by cleaving at dibasic 

residues sites (e.g., RR, RK, KK).21,56 Interestingly, our data demonstrate the presence of both 

mature signaling peptides (Table 3.2, bolded) as well as peptides likely to undergo further 

cleavage (Table 3.2, not bolded). Overall, the data suggest diverse processing pathways whereby 

mature signaling peptides are created through stepwise processes of repeated trimming (e.g., 

deriving MENK from MENK-RF by cleaving the terminal RF).  This is consistent with the idea 

that a range of enzymes act on the system in a complex and dynamic set of processes involving 

many potential regulatory mechanisms. 
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Table 3.2 PENK-derived signaling peptides identified 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 termini, and the preceding and following residues represent 

the exact cleavage point in the larger PENK prohormone sequence.  
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The composition of peptides in releasate that were derived from PENK proteins was 

analyzed and presented as percentages as compared to total PENK-derived peptides Figure 3.6. 

The identified peptides were binned into the following categories: YGGFM-containing peptides, 

YGGFL- containing peptides, and all other PENK-derived peptides (Figure 3.6A, left). In all 

releasate samples, YGGFM-containing peptides were the most abundant (~62%) followed by 

YGGFL-containing peptides (~21%). This is consistent with the natural consequence of 

replication, as the PENK prohormone contains four copies of M-ENK (YGGFM) and only one 

copy of L-ENK (YGGFL).18,54,55 
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Figure 3.6 A summary of PENK-derived peptides. A) All PENK-derived peptides detected in 

response to electrical (n = 4) and nicotinic stimulation (n = 3) were combined and sorted.  Percent 

cumulative abundance (left) was determined by summing the relative abundance of each group 

(YGGFM, YGGFL, or other) and dividing it by the relative abundance of all PENK-derived 

peptides (summed). Most of the PENK-derived peptides contained the YGGFM motif. As such, 

YGGFM-containing peptides were further classified according to the specific opioid peptide 

sequences (right ). The stimulation type (electrical vs chemical) did not significantly affect the 

relative abundance of the specific peptides released (Students unpaired t-test, p > 0.05, error bars 

reflect ± standard error of the mean (SEM)). The cumulative abundance of specific peptides in 

releasate samples are compared for (B) YGGFMRF, (C) YGGFMRGL, (D) Peptide E, (E) BAM 

22, (F) BAM 18, and (G) other YGGFM-containing neuropeptides. 

  

In total, 196 identified peptides contained the conserved YGGFM motif. PENK serves as 

a precursor for endogenous opioid peptides including M-ENK and L-ENK, as well as extended 

forms containing the YGGFM-RF, YGGFM-RGL, peptide E, BAM 18, and BAM 22 motifs.18 

Only distantly related to the mu opiate receptor, which is mainly liganded by leu- and met-

enkephalin in vivo, the BAM 22 receptor shows a more than 50-fold higher affinity for BAM 22 
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than for met-enkephalin, which is contained within the primary sequence of the BAM 22 peptide.58 

YGGFM-containing peptides were further analyzed for the presence of these longer variants 

(Figure 3.6A, right ). The extended forms of ENK are thought to serve as active signaling 

molecules and the presence of the extra amino acids can even affect the post-synaptic signaling 

pathway for the peptide-receptor complex, consistent with the signaling bias model.10,59,60 

Redundancy in the molecules that can bind to opioid receptors provides a potential means for 

flexibility in modulating the pain and reward pathways (analgesia), the stress responses, and 

overall circuit function.10,61ï64 Mature forms of YGGFM-RF, YGGFM-RGL, peptide E, and BAM 

18 were all detected in the releasate samples. In addition, abbreviated versions of these longer 

peptides were also detected, usually differing by only a few amino acids (Table 3.2). All the 

peptides were sorted, and the cumulative abundance determined for each peptide identified in 

releasate (Figure 3.6B-G). Across all peptide sequences identified, the type of stimulation 

employed did not significantly affect the relative abundance of any one specific peptide detected 

(Students unpaired t-test, p > 0.05).  

 

Conclusions 

Chromaffin cells have long served as a model for studying exocytosis from the large dense-

core vesicles. Studies have shown that the large dense-core vesiclesô peptidome also contains a 

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 measurement approach to characterize cellular 

extract and releasate. This work presents a robust method of sample collection of difficult to detect 

opioid peptides that are prone to degradation by employing localized SPE through C-18 beads. 
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Further, LC-MS/MS was used to characterize the intracellular peptidome (extract) and signaling 

peptidome (releasate). A significant portion of the detected peptidomes were found to be PENK-

derived. Of these derived peptides, the majority retained the enkephalin motif YGGFM. The data 

reveal the 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 roles because they are known 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 opioid neuropeptide 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 HPLC-MS 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 slicing and perfusion buffer, doubly distilled water (Ó18 MɋĿcm, Millipore Milli-Q, 

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 

NaCl, 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 buffer during transport 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 incubations in total. Next, sterile W3 was spiked 
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with nystatin (50 mg/L) and penicillin-streptomycin (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 deoxyribonuclease-I (1.4 mg/mL) and collagenase-I 

(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 (250-Õm sterile nylon) and centrifuged at 800 G at ~37 ęC for 15 min to pellet cells. The 

supernatant was discarded, and the cell pellet was re-suspended in equal parts of W3+ and Percoll 

gradient buffer (36 mL Percoll gradient, 4 mL of a 10 concentrated W3 buffer). The re-suspended 

cells were centrifuged at 3,700 G at ~37 ęC for 20 min. The chromaffin cell layer was carefully 

collected and filtered (40-Õm sterile nylon) and the filtrate diluted in Dulbeccoôs Modified Eagle 

Medium (DMEM) followed by centrifugation at 600 G for 20 min at ~37 ęC.  

The supernatant was discarded, and the resultant cell pellet was resuspended in 1-2 mL acidified 

methanol (90:10:1 Methanol/Water/Glacial Acetic Acid). The cell suspension was then manually 

homogenized using a tissue homogenizer (Potter-Elvehjem PTFE pestle and 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 using a Speed-Vac, and the dry vial contents were reconstituted in formic 

acid (0.1% v/v in water, 15 ɛl). Finally, the samples were spun at 14,000 RPM for 15 min to 

precipitate insoluble components, and the resulting supernatant was used for measuring peptides 

through nanoLC-nanoESI-TIMS-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 repeated 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 buffer (aCSF; 119 mM NaCl, 2.5 mM KCl, 1 mM 

NaH2PO4.H2O, 26.2 mM NaHCO3, and 11 mM glucose), as previously described by the Margolis 

lab.59 Then, using a sterile scalpel blade, the adrenal medullae were thinly sliced to ~1-2 cm in 

diameter and ~0.1-0.2 cm in thickness. Slices were placed into a circular dish containing 

continuously oxygenated, ice-cold, aCSF perfusion buffer (1x aCSF, 1 mM MgCl2.6 H2O, and 2 

mM CaCl2.2 H2O). Following slicing, the tissue slices were allowed to recover for 45-60 minutes 

at room temperature before performing SPE. 

Solid Phase Extraction (SPE) of releasate at tissue slices with C18 beads. To a lo-bind 

PCR vial containing pure acetonitrile, a collection of C18 wet-resin 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. Next, 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 µM in aCSF) was added in a volume sufficient to cover 

the tissue slice (~2 µL). Conditioned C-18 beads (~10-15 µL) were carefully 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 µL). The sample was gently 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 (50-100 µL; 2% v/v acetonitrile and 0.1% 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 solution (50-100 µL; 70% v/v acetonitrile, 

and 30% v/v of 0.1% formic acid in water) 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, lo-bind 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 µA, 5 Hz, 10 pulses) was applied every minute, for 15 min 

by using High-Definition 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, rinsing, and releasing steps as described above. The final supernatant was 

carefully collected into a sterile, lo-bind 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% v/v in water, 15 ɛl), and spun at 14,000 RPM for 15 

min to remove insoluble components. The resulting supernatant was used for measuring peptides 

through nanoLC-nanoESI-TIMS-MS/MS (Bruker, Billerica, MA) 

Peptide measurements and sequencing with nanoLC-nanoESI-TIMS -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 releasates from distinct slices were injected onto a Bruker 
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PepSep Forty column (75 µm ID, 1.9 µm particle size, 400 mm length) equipped with a precolumn 

trap for desalting. The separation was performed at a uniform flow rate of 300 µL/min and a 

temperature of 40°C. The mobile phase consisted of solvent A (0.1% formic acid) 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 with starting 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 PEAKS Online 11 platform with a custom database of secreted bovine 

proteins. The Uniprot bovine proteome (37,506 proteins) was filtered to 6,657 secreted proteins, 

although filtering function was not perfect. Duplicates were removed, and the list was exported as 

FASTA for use with PEAKS for interpretation, identification, and characterization of post 

translational modifications. PEAKS De novo, PEAKS DB (database searching)-based protein 

identification, and PEAKS PTM (post translational modification) searches were used to identify 

spectra. Search parameters included Amidation, Phosphorylation (STY), Acetylation, Pyro-glu 

from Q/E, and half of a disulfide bridge as potential PTMs, allowing for a maximum of three PTMs 

per peptide. The false discovery rate was set to a 1 % cut-off. Precursor 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 distribution among 
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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 in Response 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 peroxide in rat striatum.  

 

Introduction  

Neurodegenerative diseases are characterized by the progressive loss of specific neuronal 

cells. While there exists a wide range of neurodegenerative diseases, Parkinsonôs disease (PD) is 

one of the most common and results in muscle rigidity, slowed movement, and resting tremor. 

Many neurodegenerative diseases, such as PD, have been linked to a decrease in extracellular 

dopamine (DA) concentration which can result from the death of DA cells in the substantia nigra 

(SNc). The dopaminergic 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 function.1,2 Degradation of dopaminergic neurons in the SNc, can lessen 

the DA projections in this pathway that terminate in the striatum. The death of DA cell bodies is 

undoubtedly one of the major factors contributing to the loss of motor control and difficulty 

initiating movement that PD patientsô experience. While this disease is typically diagnosed later 

in life, it is estimated that 50-80% of dopaminergic cells in the SNc are already dead by the time 

of diagnosis.3,4 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 implicated in PD and occurs when there is a chemical 

imbalance between the generation and degradation of reactive oxygen species (ROS).5 One such 
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ROS that is found prominently in the brain is hydrogen peroxide (H2O2). The detection of H2O2 is 

of particular interest for the field of neuroscience, because H2O2 is 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 H2O2 has been implicated as a chemical modulator of neurotransmission 

in striatum.6 Previous research in the Sombers lab has demonstrated a role for these striatal 

neuromodulators in an in vivo PD-like model, that was being treated with L-DOPA, the gold 

standard treatment offered to PD patients. In this study, they demonstrated that rapid H2O2 and DA 

transients were time-locked with bouts of abnormal rotation, a consequence of the lesioned 

hemispheres and also demonstrated the correlation of these dynamics with dyskinetic behaviors, 

which are a known side-effect of L-DOPA treatment. Striatal H2O2 rapidly increased with rotation 

onset as DA decreased, suggesting interplay between DA and H2O2 in the initiation of involuntary 

movement in striatum.7 Further research has shown that H2O2 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 implicates H2O2 as a negative modulator of DA 

signaling in the striatum.6,8,9 The key cellular source of modulatory H2O2 is thought to be 

respiration of the striatal MSNs.6 However, multiple theories exist about the subcellular source of 

H2O2, including enzymatic degradation of L-DOPA, DA, and DA metabolites by enzymes such as 

monoamine oxidase (MAO).9,10  

Direct measurement of ROS is often complicated largely due to their instability, highly 

reactive nature, and relatively low abundance. Thus, even the most basic questions remain 

unanswered, such as how H2O2 concentrations in striatum scale with stimulation, or with the 

magnitude of DA released. Direct monitoring of H2O2 can be achieved using fast-scan cyclic 
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voltammetry (FSCV) coupled with carbon-fiber microelectrodes. This technique enables 

molecules like H2O2 to be monitored in situ with chemical selectivity on a millisecond time 

scale.7,11 The electrochemical oxidation of H2O2 is contingent on a sufficiently oxidized carbon 

surface, and thus requires a higher potential limit than that required for quantification of 

catecholamines. However, because the triangular waveform also readily supports detection of 

catecholamines, DA and H2O2 fluctuations can be simultaneously measured. 

In this work, a slightly different waveform is employed to aid in the co-detection of DA 

and H2O2. Here, a ñdouble triangleò voltammetric waveform is coupled with a partial least-squares 

regression model to distinguish H2O2 from interferents that are commonly encountered in vivo, 

such as pH shifts. Neurochemical dynamics are characterized in response to non-specific electrical 

stimulations of the SNc, as well as in response to specific optogenetic stimulation of the DA cells 

in this projection. The real-time measurements reveal that DA and H2O2 can be reliably generated 

by non-selective electrical stimulation. Moreover, DA scales with stimulation duration while H2O2 

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 of H2O2 were present. Taken together, this work elucidates how the 

type of stimulation ultimately effects stimulation evoked DA and H2O2 dynamics in striatum. 

 

Results and Discussion 

 

Simultaneous Electrochemical Detection of Dopamine and Hydrogen Peroxide using the 

Double Triangle Waveform  

Fast-scan cyclic voltammetry (FSCV) allows for the simultaneous detection of DA and 

H2O2 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 recorded is relatively simple to interpret. Additionally, when coupled with 

carbon-fiber microelectrodes for neuroscience application, the triangle waveform provides for 

quantification of catecholamines (DA), hydrogen peroxide (H2O2), and shifts in pH, which are 

prevalent in response to electrical stimulation of brain tissue.12 Each of these species generates a 

distinct cyclic voltammogram (CV) that can be used for qualitative identification. The redox peaks 

for DA and H2O2 are very well separated and, as such, these components can be easily 

distinguished and quantified. However, shifts in pH generate a CV that spans the entire potential 

range, with peaks that are a bit more nondescript.  

Shifts in pH are commonly evident after stimulation. Carbon dioxide is consumed during 

neural activity evoked by stimulation, which leads to the generation carbonic acid. Carbonic acid 

is whisked away from the recording location by blood flow in the nearby capillaries, leaving a 

basic pH shift evident in the data. Carbon-fiber microelectrodes are very sensitive to the 

concentration of protons in solution, due to the oxidized nature of the edge-plane of the carbon 

surface which, upon electrochemical conditioning, becomes decorated with oxygen-containing 

functional groups.13ï15 As such, any local shift in pH serves to protonate and deprotonate the sensor 

surface, which leads to the readily observable pH signal. Unfortunately, H2O2 fluctuations are 

often confounded with changes in the pH when using the traditional triangle waveform, because 

both species generate a peak at ~1.3 V (Figure 4.1A). 

To circumvent this, a ódouble-triangleô waveform was used (Figure 4.1B) which employs 

two successive triangular sweeps in each 25 msec scan.16,17 The first (smaller) triangle spans a 

potential range from -0.4 V to 0.8 V, which is insufficient to oxidize H2O2. However, DA redox 

activity and the pH signal corresponding to the protonation/deprotonation of the electrode surface 

are evident. The larger triangular sweep spans from -0.4 V to +1.4 V and immediately follows a 
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10 msec holding period. CVs generated with this waveform demonstrate the redox activity of all 

three species (DA, H2O2, 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 color at ~0.6 V corresponds to oxidation of DA with no evidence of additional 

redox current. The top portion of the color plot, which corresponds to the larger triangle, exhibits 

a similar bolus of color at ~0.6 V from DA oxidation, as well as an additional spot of anodic current 

evident at ~1.3 V, indicative of H2O2 oxidation. If training sets of data are collecting using both 

waveforms, partial least-squares regression analysis can be used to predict the H2O2 and DA 

contributions in voltammograms collected with the larger waveform. The contribution of pH 

remains in the residual data.  
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Figure 4.1 Fast-scan cyclic voltammetry for the co-detection of dopamine and hydrogen peroxide. 

A) Cyclic voltammograms H2O2 and shift in pH, the dashed line demonstrates the overlapping 

oxidation peaks ~1.3 V. B) The double triangular waveform for simultaneous dopamine (DA) and 

hydrogen peroxide (H2O2) detection. C) A representative color plot of raw voltametric data 

generated in the detection of DA and H2O2 using a flow cell apparatus. DA oxidation is detected 

in both the small and large triangle portions of the waveform (~0.6 V); however, H2O2 is only 

detected using the larger triangular sweep (~1.3 V). D) Cyclic voltammograms for standards of 

dopamine (DA) (left) and H2O2 (right) recorded using the double waveform. E) Calibration lines 

to determine sensitivity for DA (blue) and H2O2 (red) (n = 3 stimulations per concentration, error 

bars reflect ± standard error of the mean (SEM)). 

 

A series of CVs were recorded for DA standards in a flow-cell apparatus using the double 

waveform. The signal demonstrates the characteristic voltammetric response for DA oxidation and 

the subsequent reduction of DA-ortho-quinone, with redox currents increasing in a concentration-

dependent manner (Figure 4.1D ï left). Likewise, the CVs for standards of H2O2 (Figure 4.1D ï 

right ) show one distinct peak associated with the irreversible oxidation of H2O2, and the anodic 

current is similarly dependent on concentration. The concentrations used here span the range of 

expected physiological concentrations to demonstrate that the double waveform can be used to 

distinguish these species in vivo. The sensitivity of the electrode to each analyte was determined 
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using linear regression analysis (Figure 4.1E). This series of in vitro measurements is an example 

of a very simple training set that can serve 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 an in vivo electrochemical recording that reflects rapid changes 

in DA and H2O2 concentrations co-detected at a single carbon-fiber 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 abundant. A representative 

color plot of the data is shown in Figure 4.2A. A CV recorded ~12 seconds (white dashed line, 

CV overlaid in white), demonstrates the co-detection of these two species in real-time. Because 

oxidation peaks for DA and H2O2, as well as the reduction peak for DA-o-quinone, 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 

components that are orthogonal to one another to successfully separate peaks. This presents a 

problem for analyzing complex signals of DA and H2O2 due to the presence of pH, which has an 

oxidation peak that overlaps with that of H2O2. As such, the oxidation signals of basic pH changes 

and H2O2 are not orthogonal and cannot be separated using 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 mixtures of multiple 

neurochemicals.18 This technique prioritizes variations in input (current responses) that correspond 
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to qualitative and quantitative changes in output (analyte classification and concentration).19 PLSR 

projects both predictors (CVs) and the response variables (concentration) to a multidimensional 

space to identify the principal components (PCs) (Figure 4.2). In the analysis of voltammetric 

data, the predictor CVs, often called a training set, are obtained in vitro 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 H2O2 (Figure 4.2B, left) and DA (Figure 4.2B, right) 

were used for construction of the training sets. A color plot of ñrawò data (Figure 4.2A) comprised 

of thousands of voltammograms of complex signals that were collected in tissue is compared to a 

training set for the individual analytes. The first PLSR analysis was run with principal components 

unique to H2O2 to separate the predicted H2O2 contribution to the mixed signal (Figure 4.2C, top, 

red). Then, a second iteration of this process is performed to distinguish the DA and pH 

contributions in the residual color plot. The model predicted the DA contribution, as depicted in 

the color plot (Figure 4.2C, bottom, blue). Thus, the residual color plot contained the information 

pertaining to shifts in pH and other variability (Figure 4.2D). The PLSR predicted CVs for DA 

(blue) and H2O2 (red) were normalized and directly compared with the experimental data (black 

dashed line) to visually confirm that both analytes were captured using this model (Figure 4.2E). 
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Figure 4.2 Quantification of individual chemical contributors to the complex signal using PLSR 

analysis. A) Representative color plot of raw voltammetric data collected in rat dorsal striatum. 

The time of the electrical stimulation (60 Hz 120 Pulses, 400 µA) is denoted 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 both DA and H2O2. B) A training set is compiled of the expected analytes, 

H2O2 (red) and DA (blue), spanning the physiological range. C) The complex signal (A) is 

compared to a training set of known H2O2 concentrations. The model then ñpredictsò the 

contribution of H2O2 (top color plot, PLSR Predicted H2O2) in the raw data, leaving behind the DA 

contribution and any additional residual current. This process is repeated by comparing the color 

plot of residual current to a DA training set (bottom color plot, PLSR Predicted DA), for reliable 

prediction of the DA contribution to the signal. The characteristic CVs for H2O2 (red) and DA 

(blue) demonstrate the ability to parse apart these individual contributions to the complex signal. 

D) After removing currents corresponding to H2O2 and DA, minimal current remains. E) The 

predicted H2O2 and DA signals can then be plotted and overlaid with original CVs to ensure that 

the signals were appropriately extracted. 
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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 reward-related learning, goal-directed behavior, and robust 

locomotion.20ï28 When studying the DA system, researchers commonly use both electrical28ï30 and 

optical stimulation31ï33 techniques to depolarize DA cells. With both approaches, the stimulation 

parameters are customizable such that researchers can control the duration and frequency of the 

stimulation. An electrical stimulation broadly and non-specifically depolarizes all responsive cells 

in the area around the stimulating electrode. In contrast, optogenetic tools allow for depolarization 

of specific cellular subpopulations in response to distinct wavelengths of light (Figure 4.3A). 

Channelrhodopsin-2 (ChR2) is an engineered excitatory light-activated cation channel 

derived from light-sensitive algal protein Chlamydomonas reinhardtii, that allows for the fast 

depolarization of neurons upon exposure to blue (473 nm) light (Figure 4.3A-B).34ï37 To 

specifically express ChR2 on DA cells, the cre-dependent transgene encoding the ChR2 protein 

and a fluorescent tag (mCherry) was inserted into a viral vector (AAV) to drive expression. To 

achieve specific expression in DA cells (Figure 4.3B, left), a secondary cre-recombinase AAV, 

under the control of the rTH promoter, was co-infused, as previously demonstrated.38 Tyrosine 

hydroxylase is the rate limiting enzyme in the production of DA, thus targeting TH+ cells allows 

for selective control of DA neurons. In the absence of Cre-recombinase, the ChR2 gene is retained 

in an inverse, non-sense orientation. When Cre-recombinase is expressed in the TH+ cells, the 

double-floxed inverse orientation (DIO) reading frame is inverted, enabling expression of the 

ChR2 transgene for selective depolarization of DA neurons in response to flashes of blue light 

delivered to the brain using an optical fiber (473nm) (Figure 4.3A, right ).39 Protein expression 
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was confirmed at the recording site (dorsal striatum) and at the infusion site (SNc) using the 

fluorescent mCherry tag (Figure 4.3C, D). 

Although these stimulation techniques are commonly used to evoke DA release in the 

striatum, they are rarely directly compared, and the evoked release of additional small molecules 

has been largely overlooked. This is important, because depolarization of distinct cellular 

populations should drive the release of a range of neurochemicals in striatum. In our hands, 

electrical stimulation reliably generates both DA and H2O2 in striatum,11 but no previous studies 

have characterized the H2O2 response to either electrical or optical stimulation, despite a known 

role of H2O2 as a negative modulator of DA signaling.6,8,9 Thus, the goal of this work was to 

characterize and directly compare DA and H2O2 fluctuations evoked in striatum by electrical and 

optical stimulation of the midbrain.  
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Figure 4.3 An excitatory channelrhodopsin (ChR2) allows for the selective activation and control 

of midbrain DA terminals in striatum. A, B) An exogenous transgene for ChR2 expression was 

specifically targeted to DA neurons in the midbrain using a Cre-recombinase adeno-associated 

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

nm), neurons expressing the ChR2 are depolarized through chlorine influx, potassium efflux, and 

sodium influx (created with BioRender.com). C) A representative wide-field fluorescence 

microscopy image confirms protein expression in the dorsal striatum and D) at the site of infusion 

(SNc).  
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Characterization of Dopamine and H2O2 Dynamics Following Global Electrical and 

Selective Optical Stimulation  

Carbon-fiber microelectrodes were positioned in the dorsal striatum such that the DA 

signal was optimized. Systematic variation of the stimulation parameters was used to characterize 

the dynamics of DA and H2O2, in real-time. The duration of the electrical stimulation delivered to 

the SNc was first varied by increasing the number of pulses (60, 90, or 120 pulses) at a fixed 

frequency of 30 Hz (2, 3, and 4 sec duration). Representative color plots of raw data demonstrate 

the co-detection of DA and H2O2 at the same electrode and location (Figure 4.4A), and the 

individual contributions of DA and H2O2 were distinguished using PLSR for quantification.  

Cyclic voltammograms (CVs, Figure 4.4B) were extracted from the color plots and 

directly compared to better examine the effects of stimulation duration on both analytes. The data 

show DA release scales with stimulation duration, consistent with the literature.28 However, the 

trend appears to be less clear for extracellular H2O2 dynamics (Figure 4.4, red). Qualitative 

assessment of the color plots (Figure 4.4A) suggests that the H2O2 signal is relatively small as 

compared to the DA signal. As the stimulation duration increased, the evoked H2O2 signal also 

appeared to increase, but a significant difference was not reached (p > 0.05). Across all subjects 

(Figure 4.4C), DA concentrations (blue) scaled with stimulation durations (one-way ANOVA 

with Tukeyôs post hoc test, * p < 0.0332 and *** p < 0.0002, n=5 animals); however, extracellular 

concentrations of H2O2 (red) did not directly scale with the duration of the electrical stimulation. 

As the H2O2 signal was quite small, it was possible that a higher stimulation frequency was 

required to generate a larger H2O2 signal for reliable quantification.    
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Figure 4.4 DA and H2O2 dynamics evoked in response to electrical stimulation (30 Hz). A) 

Representative color plots recorded in striatum in response to the application of 60, 90, and 120 

stimulation pulses (400 µA) applied to the SNc at 30 Hz (black arrow). Both DA and H2O2 were 

evoked by stimulation and their signals scaled with stimulation duration. B) PLSR-predicted DA 

(blue) and H2O2 (red) cyclic voltammograms extracted from the data. Note the difference in the 

scale of the Y-axis, as the anodic current generated in H2O2 oxidation is much lower than that 

associated with DA oxidation. C) Normalized maximum concentrations evoked in response to 

increasing stimulation duration. Across all animals, DA significantly increased with stimulation 

duration, whereas the H2O2 data exhibited more variability (n=5 animals, one-way ANOVA with 

Tukeyôs post-hoc test, * p < 0.0332, *** p < 0.0002, error bars reflect ± SEM). 

 

The experiment was repeated using a stimulation frequency of 60 Hz (Figure 4.5). Evoked 

DA concentrations scaled with stimulation duration, consistent with the data collected at 30 Hz.  

The H2O2 that was simultaneously recorded at the same electrode also significantly scaled with 
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stimulation duration (Figure 4.5C, one-way ANOVA with Tukeyôs post hoc test, * p < 0.0332 and 

** p < 0.002, n=5 animals), suggesting that a harder stimulation may be required to evoke the 

generation of enough H2O2 to be reliably quantified.  

 

Figure 4.5 DA and H2O2 dynamics evoked in response to electrical stimulation (60 Hz). A) 

Representative color plots recorded in striatum in response to the application of 60, 90, and 120 

stimulation pulses (400 ɛA) applied to the SNc at 60 Hz (black arrow). Both DA and H2O2 were 

evoked by stimulation and their signals scaled with stimulation duration. B) PLSR-predicted DA 

(blue) and H2O2 (red) cyclic voltammograms extracted from the data. Note the difference in the 

scale of the Y-axis, as the anodic current generated in H2O2 oxidation is much lower than that 

associated with DA oxidation. C) Normalized maximum concentrations evoked in response to 

increasing stimulation duration. Across all animals, DA and H2O2 significantly increased with 

stimulation duration, (n=5 animals, one-way ANOVA with Tukeyôs post-hoc test, * p < 0.0332, 

*** 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 that was bundled to the bipolar stimulating 

electrode prior to implantation. By bundling these tools into one multimodal device, the type of 

stimulation could be easily manipulated with the flip of a switch, allowing for direct comparison 

of the different stimulation modalities at precisely the same location (Figure 4.6). The duration of 

the train of stimulation pulses was varied in the same a manner as the electrical stimulation 

experiments described above (60, 90, or 120 light flashes applied at 30 and 60 Hz).  

Selective optical stimulation of the dopaminergic midbrain revealed critical differences 

between optical and electrical stimulation modalities. A direct comparison of representative color 

plots and CVs extracted from those plots is provided in Figure 4.6. The data demonstrates a 

striking decrease in the amount of DA and H2O2 evoked by the optical stimulation, as compared 

to the electrical stimulation of the same site (Figure 4.6). In this example, the non-specific 

electrical stimulation evoked ~275% more DA release than the corresponding optical stimulation 

that selectively targeted the DA cells. No quantifiable H2O2 was recorded in response to optical 

stimulation. The limit of detection (LOD) must be considered to ensure that the signals are 

sufficiently high for reliable analysis. Here, the LOD is defined as three times the standard 

deviation of the noise, which was determined to be 3.0 ɛM for H2O2 and 0.013 ɛM for DA. The 

amount of H2O2 evoked using the optical stimulation was significantly below the LOD, precluding 

accurate quantification. 
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Figure 4.6 Extracellular DA and H2O2 concentrations evoked in striatum are dependent on the 

type of stimulation employed. Representative color plots demonstrate a stark difference in the 

amount of DA and H2O2 evoked at a single striatal recording site in response to an electrical vs an 

optical stimulation of the midbrain (60 Hz, 120 pulses, 400 µA). Electrical stimulation elicited 

~275% more DA than the corresponding optical stimulation of the same site. The H2O2 

contribution to the signal elicited by electrical stimulation was extracted and quantified. However, 

any H2O2 generated in response to optical stimulation could not be reliably quantified as it was 

less than the LOD (3.0 ɛM). 

 

As discussed previously, H2O2 is readily generated in the process of mitochondrial 

respiration, when the cell requires ATP to fuel an energetically demanding process, such as 

depolarization or hyperpolarization.6,8,40 Thus, it stands to reason that when striatal cells are 

responding to a range of transmitters evoked by a broad, non-specific stimulation, more H2O2 is 

generated at those cells and detected at the electrode positioned nearby. By contrast, fewer cells 
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were activated by the selective optimal stimulation and, as such, less H2O2 was generated by the 

postsynaptic cells responding to transmitters evoked by the stimulation. This hypothesis aligns 

well with our experimental results. Across all animals, extracellular DA concentrations scaled with 

the duration of the optical stimulation at both 30 Hz and 60 Hz (Figure 4.7C, one-way ANOVA 

with Tukeyôs post hoc test, ns p < 0.1234, * p < 0.0332, n=4 animals), consistent with the 

literature.33  
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Figure 4.7 DA dynamics evoked in response to optical stimulation. A) Representative color plots 

recorded in response to 60, 90, and 120 stimulation pulses applied at either 30 Hz (top) or 60 Hz 

(bottom, black arrow). Optically evoked DA release scaled with stimulation duration. B) PLSR-

predicted DA cyclic voltammograms elicited in response to 30 Hz (left) and 60 Hz (right) 

stimulations. C) Normalized maximum extracellular concentrations evoked in response to 

stimulation. Across all animals, DA began to show a trend whereas concentrations increased with 

stimulation duration for both frequencies (one-way ANOVA with Tukeyôs post hoc test, ns p < 

0.1234, * p < 0.0332, n=4 animals, error bars reflect ± SEM). Across 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 analyzed using PLSR to objectively deconvolute and extract the signals. While 

PLSR is well suited for this kind of analysis, it has proven to have some difficulties when the 

signals are relatively small. Several factors could contribute to the small signal including surgical 

precision and accuracy, insufficient protein expression, and noise. In addition, the training sets 

used to analyze the experimental data (peak oxidation/reduction potentials and overall CV shape) 

must match the experimental data as closely as possible. If there are any inconsistencies in these 

factors, PLSR may fail to reliably extract the entire signal. As a result, some of the neurochemical 

signal can be left behind in the residual or misassigned to the wrong analyte. Notably, 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 stimulations of the midbrain projection to striatum.  

 

Conclusions 

In conclusion, DA and H2O2 are key players in brain function and dysfunction. In this 

study, we investigated the real-time dynamics of DA and H2O2 in rat striatum in response to 

commonly used stimulation techniques, specifically non-selective electrical and selective optical 

approaches. We achieved selective stimulation using a Cre-dependent excitatory opsin (ChR2) 

which allowed specific control over the dopaminergic neurons. This was directly compared to the 

non-selective electrical stimulation which will depolarize any cell nearby. Overall, the data suggest 

that the non-selective electrical stimulation of the SNc is sufficient to drive release and generation 

of DA and H2O2 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 H2O2 when held at 60 Hz, but not 30 Hz. Furthermore, our results suggest that optical 

stimulation was insufficient to cause H2O2 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 duration, as 

consistent with previous studies.28 Taken together, examining DA and H2O2 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 that H2O2 is an important negative 

modulator of DA signaling.6,8,9 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 and dopamine-

associated disease states. 

 

Materials and Methods 

Genetic Constructs. All genetic constructs were packaged and purchased from Addgene. 

For these experiments, the excitatory channelrhodopsin (pAAV-EF1a-double floxed-hChR2 

(H134R)-mCherry-WPRE-HGHpA (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 secondary TH-cre recombinase packaged into the 

AAV.rTH.PI.Cre.SV4, a 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 1x1012 vg/mL.  
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The EF1a-double floxed-hChR2 (H134R)-mCherry-WPRE-HGHpA and rTH.PI.Cre.SV4 

plasmids were previously described. Briefly, the Cre-recombinase 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 double-floxed inverted orientation (DIO), which requires Cre-recombinase present to 

reorient it to allow for specific expression of the transgene in select cell populations. Using a 

combinational viral approach, previously demonstrated by Caroline Bass and colleagues, TH-Cre 

recombinase was infused into the area of interest with the secondary construct for Cre-dependent 

expression of the excitatory optogenetic active ChR2 (1:4 TH-cre recombinase: ChR2 (1x1012 

vg/mL, 2.4µL total volume infused, 1.2µL bilaterally)). When co-infused 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 confirmed using wide-field fluorescence 

microscopy to image the site of 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 Animal Care and Use Committee (IACUC) guidelines and the NIHôs 

Guide for the Care and Use of Laboratory Animals. Adult male and female Sprague-Dawley rats 

(275-500g, Charles River Laboratories) were pair housed in a temperature and humidity-controlled 

environment (12h/12h light-dark cycle, with unlimited access to food and water) for at least 2 days 

prior to genetic manipulation. After genetic manipulation, animals were single-housed with extra 

enrichment in a temperature and humidity-controlled environment (12h/12h light-dark 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 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 ~2.0 - 3.0% for the duration of the procedure. The animalsô body 

temperature was maintained at 37 ęC with a heating pad, and hydration was checked every 15 

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 (SNc) (-5.3 mm AP, +/- 

2.3 mm ML relative to bregma, -7.3 mm DV relative to skull) to co-inject a combination of EF1a-

double floxed-hChR2 (H134R)-mCherry-WPRE-HGHpA and rTH.PI.Cre.SV4, according to 

coordinates from the Paxinos and Watson rat brain atlas. The protein was gradually infused at a 

rate of 0.1 µL/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 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 administered orally (100-300 mg/kg, ~0.2 - 0.4 mL, offered every 

8-12 hours up to 48 hours post-operation) 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 carbon-fiber microelectrodes were 

fabricated from T-650 carbon fibers (7 µm diameter, Cytec Industries) aspirated into a borosilicate 

glass capillary tube (1.0 mm external diameter, 0.5 mm internal diameter, 10 cm long, A-M 

systems), as previously described 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 head-stage amplifier (Pine 

Research Instruments). Potentiostat 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 device (PCIe-6363, National 

Instruments). All electrochemical measurements were made using a ñdouble triangular waveformò 

consisting of a smaller triangular waveform ranging from ī0.4 V to +0.8 V, and a larger triangular 

waveform ranging from ī0.4 to +1.4 V, applied using a scan rate of 400 V/s and separated by a 10 

ms hold at ī0.4V (applied at application frequency of 10 Hz). Waveform was applied once during 

each recording over the course of 60-120 s. Background subtraction and digital filtering were 

performed after 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 by concatenating 

sequentially collected voltammograms and currents are plotted in false color. 

Anesthetized in 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 ~2.0 - 3.0% for the duration of the experiment. The animalsô body 

temperature was maintained at 37 ęC with a heating pad, and hydration was checked every 15 

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 AP, +/- 1.6, 3.0, 4.0 mm ML relative to bregma, -

4.5-6.0 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 peroxide present. 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 One, Roanake, VA) was bundled to a optic fiber 

(Thorlabs Inc., Ann Arbor, MI) and implanted in the dopaminergic midbrain (-5.3 mm AP, +/- 2.3 

mm ML relative to bregma, -7.5-8.6 mm DV relative to skull), ipsilateral to the sensors. A double 

triangular waveform (-0.4V to +0.8V, 10 ms hold at -0.4V, ī0.4 to +1.4 V, 400 V/s, 10 Hz) was 

applied to the electrode using a multichannel Universal Electrochemical Headstage (University of 

North Carolina at Chapel Hill, Department of Chemistry, Electronics Facility), until performance 

stabilized. Electrical stimulations consisted of 60, 90, or 120 biphasic pulses (400-600 ɛA; 2 ms 

pulse width) applied at either 30 or 60 Hz using a neurolog DS4 biphasic stimulating device 

(Digitimer Ltd., Hertfordshire, AL7 3BE, England). Optical 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/AgCl reference) was applied to 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 heart, followed 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 dry ice and 40-ɛm slices were prepared, under limited light to prevent photo 

bleaching of fluorescent protein, using a microtome (Leica SM2010 R Sliding Microtome, Leica 

Biosystems, Buffalo Grove, IL). The tissue slices were mounted onto a glass slide and allowed to 

dry for ~24 hr. Drops  of Fluoromount-G 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 Statistics. Individual 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 denoted. For statistical analysis with PLSR, 

training sets were constructed of cyclic voltammograms collected from in vitro calibrations to 

build a calibration library for standards of DA and H2O2 that span the physiological range. 

Principal components are identified in a multidimensional space using both predictors (CVs) and 

response variables (concentration). Individual contributions of DA and H2O2 were parsed out 

separately in two steps, first to remove H2O2 followed 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 analysis (one-way ANOVA with Tukeyôs multiple comparison test) were 

performed with GraphPad to determine significance in the data. In all cases, significance was 

designated at p < 0.05.  
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CHAPTER 5: Real-time, 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, Laney Kimble, and 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 underlying brain function and dysfunction. Glutamate 

and dopamine (DA) are two essential neurotransmitters in the striatum, a region of the brain 

involved in movement,1 motivation,2,3 and reward seeking behaviors.4,5 The nucleus accumbens 

(NAc) integrates multiple inputs, including glutamatergic and dopaminergic, which ultimately 

affect medium spiny neurons, the predominant neurons of the NAc.6 Glutamate is the principal 

excitatory neurotransmitter of the central nervous system and is the most abundant 

neurotransmitter in the brain.7,8 Consistent with being a neurotransmitter, glutamate plays a critical 

role as a chemical messenger, sending signals between cells. Once released, glutamate is quickly 

cleared from the synapse by excitatory amino acid transporters (EAATs) located on the cell 

membrane of both astrocytes and neurons. Astrocyte reuptake is followed by the conversion of 

glutamate into glutamine, which is then released back to neurons. Once taken up by neurons, 

glutamine is converted back into glutamate, thereby completing the cycle.9 Researchers have 

linked the importance of glutamate transmission to learning,10ï12 memory,13 and mood 

regulation.14ï16 Abnormalities of glutamatergic signaling, which can lead to neurotoxicity, have 

been implicated in the development of psychiatric disorders and neurodegenerative diseases.12,17ï
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21 Additionally, DA and glutamate have been shown to modulate one another in striatum.22ï24 As 

such, it is important to understand the relationship 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 of glutamate from the synapse occurs within milliseconds and 

measuring this activity is critical to understanding how these neurotransmitters cooperatively 

modulate brain function and dysfunction. Previous studies have used a range of techniques to 

monitor glutamate in situ including microdialysis, voltammetry, biosensors, and fluorescence 

sensors. However, improved methods for detection in situ are required to better establish the time 

course and relationship between these chemical signals. Fast-scan cyclic voltammetry (FSCV) 

provides analyte-specific qualitative and quantitative information on a similar timescale to 

glutamate signaling. However, FSCV relies on the electroactive nature of a species for detection, 

but glutamate is inherently non-electroactive 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 of a biosensing strategy in our lab 

whereby carbon-fiber microelectrodes are modified with a chitosan matrix containing glutamate  

oxidase (GlutOx) to allow for the indirect voltammetric detection of glutamate with naturally 

engineered selectivity.25 The enzyme-modified GlutOx sensors generate hydrogen peroxide 

(H2O2), a readily detectable electroactive reporter molecule, selectively in the presence of 

glutamate. During the development of these sensors, it was demonstrated that FSCV could 

simultaneously detect DA and glutamate at a single biosensor, located at a micron-scale recording 

site in striatal slices, using the unique voltammograms that are generated during a redox reaction. 

This enables the observation of precise relationships of distinct neurochemical signals with one 
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another, as well as with respect to time. The previous study used DL-threo-ɓ-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 examine the effects of DL-TBOA on 

DA and glutamate release and reuptake in real-time. As such, using this approach, DA and 

glutamate release were simultaneously detected at the same striatal recording site to characterize 

their dynamics in intact rats.  

This work presents the use of this biosensing strategy for the real-time co-detection of DA 

and glutamate in vivo. Importantly, this work has revealed unique neurochemical kinetics inherent 

to each of these species. Further, 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 possible that the co-activation of 

different neurochemical receptors enables integration of separate intracellular signaling pathways 

to generate a range of postsynaptic responses. Overall, this advancement to biosensing transforms 

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 carbon-fiber 

microelectrodes (7-µM diameter), which are well suited for probing specific brain regions and 

have been previously characterized for voltammetry. The Sombers lab has described such 
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microbiosensors for in situ co-detection of extracellular glutamate and dopamine (DA) fluctuations 

in brain slices.25 The microbiosenors were fabricated by electrodepositing L-Glutamate oxidase on 

the carbon-fiber surface, as described previously (Figure 5.1A).25ï27 Visual inspection was 

performed to verify uniformity and confirm that the electrode surface was completely covered by 

the hydrogel (Figure 5.1B). Glutamate is inherently non-electroactive. At the sensor surface, the 

GlutOx converts glutamate into 3-oxoglutarate with generation of H2O2, which is electroactive and 

serves as a redox proxy for glutamate detection (Figure 5.1C). Real-time measurements of 

glutamate and DA are achieved by coupling microbiosensors with fast-scan cyclic voltammetry 

(FSCV). With this strategy, the applied potential is linearly swept from a -0.2 V to +1.4 V and 

back, at 400 V/s. Color plots of cyclic voltammograms recorded in response to bolus applications 

of glutamate (50 ɛM to 3 mM) were consistent with voltammograms for H2O2, indicating the 

successful conversion of glutamate to H2O2 at the sensor surface (Figure 5.1D-E). A linear current 

response was observed between 50ɛM and 1 mM glutamate, indicating a glutamate sensitivity of 

3.6 Ñ 0.5 nA/ɛM (r2 = 0.96, n = 3, Figure 5.1E). 
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Figure 5.1 Enzyme-modified biosensors for co-detection of dopamine and glutamate using fast-

scan cyclic voltammetry. A) Potential is applied to a bare carbon-fiber microelectrode in an acidic 

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

When the local pH exceeds the pKa, the chitosan becomes insoluble and is therefore 

electrodeposited, entrapping the enzyme on the electrode surface. B) Representative bright-field 

images of GlutOx-chitosan hydrogels electrodeposited on carbon-fiber microelectrodes. C) 

Enzymatic generation of electroactive H2O2 by way of GlutOx, in the presence of glutamate. D) 

Representative color plot obtained in the detection of 500-ɛM glutamate plotted with respect to 

potential (y-axis), time (x-axis), and current plotted in false color (z-axis). E) Left, Representative 

voltammograms for H2O2 that were enzymatically generated in response to increasing 

concentrations of glutamate (0.25 mM ï 1.0 mM). Right, A l inear calibration curve spanning this 

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

 

 

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

 

Excitatory amino acid transporters (EAATs) are a family of proteins that are 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).28,29 After glutamate is taken up by astrocytes, it is converted into glutamine 

through the action of glutamine synthase. The glutamine is released and then transported back to 

presynaptic neurons, a process known as glutamate-glutamine cycling.30,31 In order to extend the 

extracellular lifetime of glutamate in the striatum, DL-threo-ɓ-benzyloxyaspartate (DL-TBOA), a 

potent inhibitor that primarily targets EAATs 1 and 2 on astrocytes,28,32 was locally microinfused 

into the striatum, at the recording site (Figure 5.2A). To achieve this, the microbiosensors were 

modified to incorporate a microinfusion needle, creating a microbiosensor injectrode that was 

implanted in the ventral striatum (NAc) of anesthetized rats for local microinfusion of DL-TBOA 

within ~100 ɛm of the recording electrode.33 A bipolar stimulating electrode was implanted in the 

ventral tegmental area (VTA) to directly depolarize the midbrain projection to the striatum (60 Hz, 

120 pulses, 600 ɛA, Figure 5.2B). 

 

Figure 5.2 Schematic illustrating the in vivo experiment. A) DL-TBOA, a potent inhibitor of the 

EAATs responsible for glutamate reuptake, is microinfused locally in the vicinity of the recording 

electrode, increasing the extracellular lifetime of glutamate. B) A bipolar stimulating electrode 

was implanted in the VTA of anesthetized rats to evoke striatal DA and glutamate release that was 

monitored by GlutOx microbiosenors implanted in 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 reward-seeking behaviors.34,35 

Glutamatergic and dopaminergic afferents to the NAc converge on the dendritic spines of medium 

spiny neurons (MSNs) in the striatum.36ï39 In vivo studies have demonstrated that glutamatergic 

input to the NAc regulates extracellular DA levels. However, glutamate has been shown to both 

enhance40ï43 and inhibit44,45 striatal DA release, and ï as such - the precise role of glutamate in 

modulating DA signaling in this brain region remains unclear.39 A microdialysis study found that 

local infusion of a glutamate reuptake inhibitor in the NAc increased dialysate concentrations of 

DA, glutamate, and gamma-aminobutyric acid (GABA).39 Sulzer and colleagues performed a 

voltammetric study in acute brain slices that reported reciprocal modulation of evoked striatal DA 

release by glutamate spillover in NAc. Blocking glutamate uptake reduced DA release via 

metabotropic glutamate receptor (mGluR1) activation, through a mechanism involving 

phospholipase C and the activation of calcium-dependent potassium channels.22 This work 

essentially laid the foundation of a leading theory that NMDA-R activation enhances local 

glutamate spillover, which then regulates DA terminals through the activation of either mGluRs 

or cholinergic interneurons. Taken together, these previous studies paint a conflicting picture of 

exactly how glutamate and DA are modulating one another in striatum.  

In our hands, local microinfusion of DL-TBOA into the NAc had striking effects on 

extracellular DA and glutamate concentrations (Figure 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 fell. Over the next ~20s, the glutamate signal gradually returned to 

baseline as the DA signal rose sharply above baseline before decreasing once again. 
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Figure 5.3 Local microinfusion of DL-TBOA evokes anti-correlated dopamine and glutamate 

signals. A) Representative color plot of the raw voltammetric data taken during local microinfusion 

(arrow, 0.1ɛL/min) of DL-TBOA into the ventral striatum. Cyclic voltammograms extracted from 

this color plot are inset in white. B) Approximately 1 min into the microinfusion of DL-TBOA, 

local glutamate concentrations (red) increased sharply as co-detected DA concentrations (blue) 

fell. Over the next ~10 seconds, the glutamate signal returned to baseline and the DA signal rose 

sharply above baseline before gradually decreasing once again.   

 

Interestingly, sex-specific differences in these signals were noted (Figure 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 rose ~90 ï 110s after the start of the 

infusion and slowly returned to baseline ~15s later, the co-detected DA signal was inconsistent 

(Figure 5.4, right). Not only did the effects of DL-TBOA infusion differ from those observed in 

males, but they also show considerable inconsistency between individual female subjects. While 

these findings require further exploration, they are not entirely unexpected. Previous studies have 

identified important sex differences in both the DA and the glutamate system in the striatum.46ï49 
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Sex differences in many addiction-related behaviors are also well documented, and striatal 

function is largely driven by glutamate and DA signaling.50,51  

 
Figure 5.4 Sex-dependent differences in striatal DA and glutamate kinetics following local 

microinfusion of DL-TBOA. Left (blue box): In male rats, local DL-TBOA infusion consistently 

produced a sharp increase in extracellular glutamate concentrations (red) with a simultaneous 

decrease in DA (blue). Within ~20 seconds, the glutamate signal returned to baseline, as local DA 

concentrations spiked well above baseline before finally relaxing again. Right, (pink box): In 

female rats, the response to DL-TBOA infusion was variable, both in comparison to the males and 

within the female group itself. In these few animals, no clear trend emerged. 

 

Several factors are likely contributing to the trends in the data. Local infusion of DL-TBOA 

blocks EAATs, extending the lifetime of glutamate in the extracellular space. Glutamate could 

inhibit evoked DA release by acting on mGluR1 receptors on DA terminals.22 Excess extracellular 

glutamate could also act at NMDA-R on GABAergic medium spiny neurons to evoke local GABA 

release. The GABA could locally inhibit DA terminals by acting at GABAB-R, resulting in a sharp 

decrease in extracellular DA concentrations. This is a complex feedback loop where glutamatergic 

input indirectly modulates dopaminergic output by enhancing GABAergic inhibition (Figure 5.5). 
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The subsequent increase in extracellular DA could be a result of disinhibition of the VTA DA 

neurons via multi-synaptic mechanism. Activation of inhibitory GABAergic neurons in the 

striatum that project back to the midbrain (via either the direct or the indirect pathway) can serve 

to disinhibit VTA DA neurons, potentially leading to the rebound in striatal DA release.56 

 
 

Figure 5.5 Possible mechanism underlying the observed glutamate and DA dynamics evoked by 

local microinfusion of DL-TBOA in ventral striatum. The 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 NMDA-R on 

GABAergic medium spiny neurons to evoke local GABA release. The GABA could locally inhibit 

DA terminals by acting at GABAB-R, resulting in a sharp decrease in extracellular DA 

concentrations (red arrows). The subsequent rebound and overshoot in extracellular DA could be 

the result of disinhibition of VTA DA cells through a multi-synaptic 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 was electrically stimulated before and after DL-TBOA infusion into the NAc. Electrical 

stimulation (60 Hz 120 pulses, 600ɛA) of the midbrain elicited DA release in striatum with sharp 

transient glutamate events (Figure 5.6). Figure 5.6A (bottom) shows a representative color plot. 

The kinetics of the DA signal were slowed as compared to recordings at a bare electrode, because 

here the DA diffused through the enzyme coating to reach the electrode surface for detection. By 

contrast, the glutamate signal resulted from the H2O2 redox reporter that was enzymatically 

generated at the sensing surface. Extracting the concentration versus time traces from the color 

plot at the peak oxidation potential of each analyte (Figure 5.6A, top) provided for a clearer view 

of the time course of these events (Figure 5.6B). The number of transient events per file was 

counted, and each individual event was assessed for area under the curve, maximum amplitude, 

and event duration (Figure 5.6C). Overall, the glutamate events had a lifetime of under ~0.3 sec, 

consistent with the rapid synaptic nature of glutamate transmission.  
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Figure 5.6 Voltammetric co-detection of glutamate and dopamine in rat striatum in response to 

electrical stimulation of the VTA. A) Representative color plot demonstrating the glutamate and 

DA response to electrical stimulation (60 Hz 120 pulses, stimulation denoted by gray box). The 

concentration versus time traces for glutamate and DA over the course of the 60-sec file (top) 

demonstrate differences in kinetics of these species. DA concentrations rose and fell over 10 

seconds, whereas the glutamate signal exhibited a series of sharp peaks that rose and fell in < 0.5 

sec. B) A zoomed-in view of the last 20 seconds of the file (black outline), demonstrating the sharp 

glutamate transients (black stars). C) Glutamate transients were individually quantified for area 

under the curve, maximum amplitude, event duration, and the total number of transient events 

recorded. 

 

A quantitative assessment of the data recorded before (Figure 5.7A) and after (Figure 

5.7B) local DL-TBOA microinfusion (n = 6, 4 males and 2 females) suggested that this 

manipulation did not significantly affect the extracellular dynamics of striatal glutamate or DA in 

intact animals (Figure 5.7C-F, Studentôs paired t-test, p > 0.05). However, previous work in ex 



   

140 

 

situ striatal slices has demonstrated that DL-TBOA treatment increases evoked DA and glutamate 

release.25 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 between the transient glutamate events and DA release 

remains unclear, the data suggest that these two neurochemicals are modulating one other in the 

striatum. The increases in glutamate are consistently coupled with a corresponding decrease in 

extracellular DA recorded at the sample place and time. This pattern appears consistently in our 

data whenever both are released and co-detected. This is evident in the microinfusion data (Figure 

5.3, larger, longer changes), and in rapid transients (Figure 5.7A, B). This is consistent with a 

range of studies in literature as well. One such study, by Sulzer and colleagues, demonstrated DA 

spillover can regulate glutamatergic input via DA receptors on axon terminals. In circumstances 

glutamate escapes the synapse, it can suppress DA release through presynaptic activation of 

mGluRs.22 Another study, by Rice and colleagues, demonstrated glutamate inhibits DA release via 

AMPA receptors through H2O2, while GABAA-R activation opposes this effect and enhances DA 

release.23 Lastly, a microdialysis study demonstrated the perfusion of glutamate stimulated DA 

release. When glutamic acid diethylester (a glutamate receptor blocker) was administered, it 

resulted in reduced the glutamate-induced increase in DA release. These findings suggest that 

glutamate enhances DA release in the striatum by facilitating presynaptic activity.24 Overall, 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 transients. (A, B) Top, Representative color plots of voltammetric data 

showing characteristic redox peaks for striatal glutamate and DA evoked by electrical stimulation 

of the midbrain. Bottom, the concentration versus time traces for both analytes collected before 

(A) and after (B) microinfusion of DL-TBOA (2.5 mM). C-F) Infusion of DL-TBOA did not affect 

glutamate transient amplitude, duration, or area under the curve. Across the entire data set (n = 6, 

4 males and 2 females, students paired t-test, p > 0.05). DL-TBOA application did not alter the 

number of glutamate events recorded.  (students paired t-test, p > 0.05, n = 6).  

 


