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INTRODUCTION  

 
 
Neuropeptides and the “Chemical Connectome” 

A common metaphor to describe the brain is that it is like a supercomputer. Consequently, 

current efforts at improving technologies for large-scale recording of brain function are 

primarily focused on measuring its electrical activity. However, unlike a supercomputer, the 

brain is an electrochemical machine: its function is dependent on both electrical and chemical 

(neuromodulatory) signaling. Superimposed upon the brain's physical connectome is a 

“chemical connectome,” a largely invisible network of neuromodulators, including biogenic 

amines and neuropeptides, that exert a profound influence on brain function (Bargmann & 

Marder, 2013). These neuromodulators influence brain states in a manner that changes the 

computations performed by neural circuits (Marder et al., 2014). For example, the ~25 

neurons comprising the crustacean stomatogastric ganglion can produce close to half a dozen 

different motor outputs, depending on their pattern of neuromodulation (Marder & Bucher, 

2007). Neuromodulators influence brain states that alter the computations performed by 

neural circuits, and are central to emotion, mood, and affect (Pert et al., 1985; Wang & 

Pereira, 2016). An understanding of neuromodulatory influences is particularly important 

because of their relevance to psychiatric disorders in humans (Kramer et al., 1998; Rotzinger 

et al., 2010). Without the ability to measure and perturb the release of specific 

neuromodulators with high spatio-temporal resolution. our understanding of neuronal circuit 

function will be fundamentally incomplete. 
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Surprisingly, despite the fundamental importance of neuromodulation, techniques for 

measuring the release of specific neuromodulators especially neuropeptides (NPs), at large 

scale and with high spatio-temporal resolution, have lagged far behind those for recording or 

imaging electrical activity. Available methods, such as microdialysis (Benveniste & 

Hüttemeier, 1990; Ernberg & Alstergren, 2004; Frost et al., 2008; Lee & Kwon, 2022) or 

fast-scanning cyclic voltammetry (Makos, Kim, et al., 2009; Makos, Kuklinski, et al., 2009) 

are useful primarily for measuring “volume transmission,” but are invasive, have poor spatial 

resolution and limited general applicability. There is no generally applicable method for 

measuring, with millisecond time resolution, the release of specific neuropeptides from 

individual neurons or nerve terminals.  

 

Our long-term goal is to develop new methods for visualizing, detecting, and inhibiting 

neuropeptide release in vivo, and to apply these methods to understanding the dynamics of 

neuromodulation of specific, behaviorally relevant neural circuits. The rationale for this 

research is that the development of new tools for imaging neuropeptide release in vivo could 

have a transformative impact on our ability to characterize and analyze neural circuit 

function, as well as facilitate the development of technologies for selectively perturbing 

release. 

 

Over 100 neuropeptides have been identified, which collectively regulate a variety of 

developmental, physiological, and behavioral functions (Russo, 2017). While each 

neuropeptide is idiosyncratic in regard to its molecular structure, chemical properties, and 

anatomical distribution, they impinge on the nervous system in a similar fashion (Agrawal 
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et al., 2019)): peptidergic (i.e., neuropeptide-producing) neurons and the neuroendocrine 

cells synthesize and package a massive amount of neuropeptide molecules within a 

subcellular compartment called the Dense Core Vesicle (DCV), where they are stored and 

released to the extracellular space upon strong stimulation (electrical or hormonal) of the 

cells. The released neuropeptides undergo diffusion to bind a group of proteins named 

“receptors,” which are membrane-embedded proteins, typically in the G protein-coupled 

receptor (GPCR) family on other cells (van den Pol, 2012). These receptors, once peptide-

bound, activate downstream biochemical signaling cascades, to regulate many other genes 

(Zhang et al., 2010) and proteins that control neuronal excitability. These neuropeptide-

induced changes in cell physiology can last for a long time, in contrast to the effects of 

“classical” neurotransmitters like glutamate or GABA, which typically last only 

milliseconds. In summary, a neuropeptide signaling pathway defines a “neuropeptide 

information flow” that enables cell-cell communications (Nusbaum et al., 2017) .  

 

 
 
Imaging Neuropeptide Release and Localization with a Genetically Engineered 

Reporter 

The central objective is to tag components of large dense core vesicles (LDCVs) and/or 

specific neuropeptides and to determine whether these reporters can be used to image 

neurosecretory granule release. In invertebrate systems, there is genetic evidence in C. 

elegans that mutating a neuropeptide precursor processing enzyme (UNC-31) can inhibit the 

release of some neuropeptides in vivo (X. G. Lin et al., 2010; Speese et al., 2007). The 

composition of neuropeptide processing machinery is well characterized in mammalian 
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chromaffin cells (Hook et al., 2010; Podvin et al., 2015; Wegrzyn et al., 2010). In bovine 

adrenal chromaffin cells for instance, 23 different proteases are found in DCVs. However, 

the catalytic specificity of each protease remains unknown—we have no idea which 

protease(s) processes which neuropeptide(s). In comparison to chromaffin cells, the 

understanding of mammalian neurons is even thinner, as neither the composition or 

specificity in DCVs is known. Therefore, tagging a neuropeptide per se to a fluorescent 

protein is a more practical way of constructing peptide-specific reporters. Neuropeptide 

precursor proteins, also called prepropeptides, are cleaved and matured into multiple 

neuropeptide isoforms. The cleavage sites are di-/tribasic amino acid sequences, whose 

variety is buttressed by distinct permutations of arginine, lysine, glycine and phenylalanine 

residues.  

 

We reasoned that an optimal in vivo real-time NP release reporter should include (1) a 

reporter domain that reflects the physico-chemical contrast between the intravesicular milieu 

and the extracellular space and (2) a sorting domain that ensures its selective trafficking into 

DCVs. The NP precursor may function as the sorting domain. The sorting domain candidates 

will be various truncates of neuropeptide prepropeptides, and the reporter domain candidates 

will include a collection of previously reported fluorescent proteins whose biophysical 

properties provide contrast to reflect differences between intravesicular and extracellular 

microenvironments, such as pH, free calcium, and potentially others. The configurations of 

reporter domains in relation to the sorting domain, as well as the presence or absence of 

cleavage sites, are also considered in the design of these reporters.  
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Neuropeptides and their processing enzymes are evolutionarily conserved (Hoyle, 1998). It 

is highly likely that the development and engineering of NP reporters can be done in multiple 

model organisms in a similar fashion. Our lab has a long term interest in investigating 

neuropeptides and their behavioral relevance in fruit flies (Asahina et al., 2014; Hergarden 

et al., 2012; Tayler et al., 2012) and mice (Zelikowsky et al., 2018). Therefore, we selected 

our neuropeptides of interest based on the current understanding of biological process and 

the research relevance to our lab for prototypical studies. In Chapter 2, I will introduce a 

neuropeptide release reporter for Drosophila tachykinin (dTK) in flies. In Chapters 3-4,  I 

included clinical significance as another dimension for the selection of neuropeptide in 

mammalian cell lines, which are heavily used and hold huge potential for large-scale drug 

screening that targets neuropeptide signaling (Figure 1A) (Hökfelt et al., 2003).  

 
Exploring Novel Therapeutics with Genetically Engineered Reporters 

A variety of psychiatric and metabolic disorders are associated with the dysfunction of 

neuropeptide signaling pathways (Griebel & Holsboer, 2012). For example, it is widely 

believed that disrupted cholecystokinin (CCK), neurokinin (NK), and corticotropin-release 

factor (CRF) pathways cause depression and anxiety (Bowers et al., 2012; Schank et al., 

2012); abnormal neuropeptide Y (NPY) and Agouti-Related Peptide (AGRP) signaling 

results in feeding disorders which can potentially lead to obesity (Arora & Anubhuti, 2006; 

Dhillo & Bloom, 2001), Calcitonin gene-related peptide (CGRP) and substance P are thought 

to be related to the transmission of pain (Hökfelt et al., 2001; Russell et al., 2014). The list 

goes on. A huge battery of drugs has been developed in the hopes that targeting neuropeptide 

pathways will lead to novel therapies for neuropsychiatric, neurodegenerative, or 
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neurometabolic disorders. These drugs primarily function by competitively binding to a 

specific neuropeptide receptor to antagonize the binding of the endogenous peptide. Drugs 

that survived clinical trials can prove to be a big success. For example, Aimovig (erenumab), 

a potent CGRP receptor blocker (to CGRP-R1, specifically) generated by Amgen, is a highly 

acclaimed, novel therapy for the prevention of migraine (King et al., 2019) . 

 

Many potential neuropeptide receptor antagonists, however, fail in the clinical trials. For 

example, one of the pharma industry’s most notable failures was MK-869, a Substance P 

receptor (NK1) antagonist, which was developed by Merck as a novel therapy for depression 

(Argyropoulos & Nutt, 2000; Kramer et al., 1998). One potential reason that receptor 

antagonists may fail in the clinical phase is that each neuropeptide often exerts its function 

via multiple, functionally redundant receptors, instead of through one-to-one ligand/receptor 

correspondence. Therefore, inhibiting just one receptor may not suffice to have any effect. 

While combining multiple receptor antagonists for a given neuropeptide is possible, in 

theory, the potential for unwanted side- and off-target effects increases with each additional 

drug.  

 

The complementary approach to blocking neuropeptide receptors is to block the synthesis, 

release, or function of the neuropeptide itself. Indeed, eptinezumab, a blocking monoclonal 

antibody to CGRP, has also been FDA-approved for migraine treatment (Edvinsson et al., 

2018). An advantage of blocking the neuropeptide, rather than its receptor, is that receptor-

binding antibodies, by inducing conformational changes in their targets, could cause 

unwanted signaling events in the receptor-expressing neurons, whereas neuropeptide-
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binding antibodies would not. A problem with using monoclonal antibodies to treat 

neuropsychiatric or neurodegenerative disorders, however, is that they are macromolecules 

that do not cross the blood-brain barrier (BBB). While small molecule compounds that cross 

the BBB can be effective neuropeptide receptor antagonists, there is no rational pathway to 

design small-molecule inhibitors that bind to the neuropeptide itself. 

 

The advent and iteration of cutting-edge technologies, such as CRISPR-Cas9 (Hsu et al., 

2014), recombinant antibody (Holliger & Hudson, 2005; Hoogenboom, 2005), genetically-

encoded biosensors (Lin & Schnitzer, 2016), and viral delivery (Berns & Muzyczka, 2017; 

Hudry & Vandenberghe, 2019), enabled us to explore the uncharted path to targeting 

neuropeptide signaling for treating human diseases. In the long term, we aim to establish and 

streamline an imaging platform that combines optimal neuropeptide reporters, cell lines, and 

imaging techniques. The platform potentially enables us to integrate modern 

biotechnologies, and collectively constitute a therapeutic ecosystem (Figure 1B).  
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Figure 1: Rationales and visions of imaging neuropeptides 
 
(A) Over 100 neuropeptides are identified. To shortlist our neuropeptide of interest, we 
consider three dimensions: understanding of biological process, relevance to current 
research, and clinical significance. (B) The neuropeptide imaging ecosystem. The long-term 
plan is to establish a platform that contains optimal reporters, cell lines and proper imaging 
techniques. With it we will further branch out to three arms: the discovery of neuropeptide 
release modulators, means to regulate neuropeptide expression and binding, and new 
delivery methods of peptide agonists and antagonists.   
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